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Abstract

Passage zones are stratigraphic surfaces found in littoral settings separating deposits diagnostic of subaqueous environments

from overlying sequences of subaerial deposits. In glaciovolcanic settings, passage zone surfaces are unequivocal records of the

heights and depths of paleo-englacial lakes at a specific point in time and space thereby informing on the presence and nature

of the enclosing ice sheet. Kima Kho, a Pleistocene glaciovolcano (i.e. tuya) features multiple and diverse passage zones.

The basaltic volcano comprises 4 main stratigraphic packages: i) subaqueously and subaerially deposited lapilli tuffs forming a

central tephra cone and representing an explosive onset to the eruption, ii) subaqueously deposited, steeply-inclined beds of tuff

breccia dominated by pillow lava fragments, iii) stacked sheets of subaerial lavas , and iv) dykes and sills (I) intruding all units.

Stratigraphic and geochemical relationships suggest that Kima Kho volcanism was continuous and 40Ar/39Ar geochronometry

on 3 samples yields a mean age of 1949 ±63 ka. Three temporally distinct passage zones record the interplay between growth

of the volcanic edifice, syn-volcanic melting of the enclosing ice sheet, and fluctuations in the depth of the englacial lake. The

earliest passage zone is expressed in two different ways indicating a transition to effusive eruption: (i) within pyroclastic deposits

of the tephra cone (< 1800 masl), and (ii) by pillow lava tuff breccia deposits overlain by subaerial lavas. Together they record

a peak, sustained lake depth of 320-340 m that constrains the enclosing ice sheet to a minimum thickness of ˜400 m and a

minimum radial extent >7 km relative to Kima Kho. Two subsequent passage zones, also defined by sequences of subaerial lavas

resting on dipping beds of pillow lava tuff breccias, occur at lower elevations: 1690-1640 masl and 1740-1720 masl, respectively.

The latter two passage zones indicate a major draining of the englacial lake followed by refilling to depths of 230-180 m and

260-280 m, respectively. The substantial decline in lake level between passage zones suggests a massive, catastrophic deluge

(i.e. jökulhlaup) of 1-2 km3. Lastly, the reconstructed evolution of Kima Kho demands the presence of a regionally extensive,

cold-based ice sheet on the Kawdy plateau at ˜1.9 Ma.
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OUTLINE

A) Kima’ Kho tuya (glaciovolcano) dated at 1943 +/- 63 ka
B) Basaltic tuya featuring explosive onset followed by effusion
C) Multiple (3) & Diverse (4) “Passage Zones”
D) Passage zones establish:

- syn-eruptive englacial lake dynamics
- minimum thickness of Pleistocene incarnation of CIS
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Figure 4: Glaciovolcanism at Kima Kho Volcano [2021]
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Figure 2. Glaciovolcanism at Kima’ Kho volcano (2021)



Mathews, WH 1947. “Tuyas”, Flat-Topped volcanoes in 
northern BC. Amer. J. Sci.,  V. 245, 560-570.

TUYAS:

Kawdy Mtn

[+Tuya Butte, Isspah Butte, Ash Mtn, Mathew’s Tuya, No. 1 & 3]]

Flat-topped (1), steep sided (2) volcanoes comprising horizontal beds of 
basaltic lava (3) resting on outward dipping beds of fragmental rocks (4).
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JONES 
(1968)

“Passage zones”

….. diachronous surfaces marking 
transitions between subaqueous 
and subaerial environments 
during volcanic eruptions.

….. the elevation of the passage-
zone surface records the height 
and depth of the paleo-englacial 
lake. 

….. fixes the minimum thickness 
of the enclosing ice sheet …..

Passage
Zone

Russell et al. Nature Comm (2013)



Passage Zone at Kima’Kho

Horizontally Layered Lavas
(Subaerial)

Dipping Beds of Pillow Lava Breccias
(Subaqueous)
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Figure 3. Glaciovolcanism at Kima’ Kho volcano [2021]
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Figure 5: Glaciovolcanism at Kima Kho Volcano [2021]
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Passage Zones (2 & 3) Defined by Lava – Pillow lava Bx

Pz1c

Pz3a

LcUI

1780 masl

L3

L2

Ib

Tb

Tb

1720 masl

1655 masl

PZ:2a

PZ:3a
~2

50
 m

L1

Tb

L1

Tb

Lt1

I

1810 masl

1768 masl

~3
5 

m

1780 masl

PZ:1c
Lt2

Lt1

1810 masl

L1

1795 masl
Pz: 1b

~3
0 

m

PZ:1a
1800 masl

Lt1

Lt2

Δ ~ 60m

1883 masl

Lt2

Lt2

Lt2

18
 m

13
 m

B’’B’B

M
et

re
s (

a.
s.l

.)

1400

1600

1800

2000 Lt2

Lt 1
I

L 2

L 3

Tb

L 1

1a 1c
Tb

1b

2a

3a

1a

1b 1c
2a/3a

LcUI

1780 masl

L3

L2

Ib

Tb

Tb

1720 masl

1655 masl

PZ:2a

PZ:3a

~2
50

 m

L1

Tb

L1

Tb

Lt1

I

1810 masl

1768 masl

~3
5 

m

1780 masl

PZ:1c
Lt2

Lt1

1810 masl

L1

1795 masl
Pz: 1b

~3
0 

m

PZ:1a
1800 masl

Lt1

Lt2

Δ ~ 60m

1883 masl

Lt2

Lt2

Lt2

18
 m

13
 m

B’’B’B

M
et

re
s (

a.
s.l

.)

1400

1600

1800

2000 Lt2

Lt 1
I

L 2

L 3

Tb

L 1

1a 1c
Tb

1b

2a

3a

1a

1b 1c
2a/3a

Pz2a



H
ei

gh
t

Time

H
ei

gh
t

Time

L3 / Tb2

H
ei

gh
t

Time

L2 / Tb2

H
ei

gh
t

Lt2, Lt1 L1 / Tb1

?
Time

H
ei

gh
t

Time

Lt2, Lt1 L1 / Tb1

B’’B’B

M
et

re
s (

a.
s.l

.)

1400

1600

1800

2000

I

L1

L2

Lt1Lt1

Lt2

Lt1

L3

Tb1

Tb2,3

B’’B’B

M
et

re
s (

a.
s.l

.)

1400

1600

1800

2000

Tb2,3
L2 L3

L1
Lt2Lt2

Tb1

Lt2

Lt1

B’’B’B

M
et

re
s (

a.
s.l

.)

1400

1600

1800

2000 Lt2

Lt1 Tb1

Tb2
L2

L1

B’’’B’B

M
et

re
s (

a.
s.l

.)

1400

1600

1800

2000

Tb1

L1

Lt2

Lt1

Ice

B’’B’B

M
et

re
s (

a.
s.l

.)

1400

1600

1800

2000

Tb1

L1

Lt2

Lt1

Ice

Ice

Ic
e

Figure 8: Glaciovolcanism at Kima’ Kho volcano [2021]
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explosively beneath thin ice, and subsequently produced lava
flows that eventually abutted the enclosing ice (Tuffen et al.,
2002). While the volcaniclastic facies is only preserved locally,
the morphology and resulting stratigraphic succession are
distinctive. Alternatively, if an eruption is explosive throughout, it
will produce a tephra cone comprising ‘normal’ volcanic ejecta
(e.g., ash, lapilli, bombs; Fig. 6III). Indicators of ice confinement in
this case will be rare but could include anomalously thick tephra
deposits resulting from tephra being redeposited and accumu-
lating against an enclosing ice wall (Smellie, 2007; Skilling, 2009).
No known examples of this tuya type have been reported in the
literature; however, the tephra cone formed at the summit of
Eyjafjallajokull during the 2010 eruption is a possible candidate.
This eruption style would only produce conical or linear tuyas (e.g.,
conical tephra-dominated tuya). In general, glaciovolcanic erup-
tions in well-drained glacio-hydrologic systems may be the most
difficult type to identify and to use for constraining paleo-ice
conditions, although impounded lava flows and/or anomalously
thick tephra beds could be used to place minimal constraints on
ice thickness. More importantly, however, during glaciovolcanic
eruptions well-drained systems may be more likely to be found
near the edges of ice sheets/glaciers, where extensive drainage
networks from the interior of the ice are well developed. Thus
identification of these deposits might provide key markers for the
edges of ice sheets.

4.2. Leaky/partly-sealed glaciohydraulic conditions

Where glacial ice is thicker (>200 m, <500 m), or the glacier is
wet-based/temperate, melting of the overlying ice will be accom-
panied by meltwater leaving the eruption site at varying rates,
depending on the capacity of established drainage networks
(Fig. 6IVeVI). In this environment, eruptions that are dominantly
effusive will initially produce deposits of pillow lavas with minor
hyaloclastite. However, if the eruption rate is high or sustained, or
meltwater drainage is rapid, the tuya can emerge from the englacial
lake leading to subaerial eruption and the potential for formation of
lavas and lava-fed deltas (e.g., Skilling, 2002). The boundary be-
tween the deltaic deposits, comprising dipping breccias and iso-
lated pillow lobes, and overlying subaerial lava flows will produce a
‘classic’ passage zone (e.g., Jones, 1969; Jones and Nelson, 1970;
Smellie, 2006, Fig. 6IV).

Eruptions that are transitional between effusive and explosive,
or vice versa, will produce more variable deposits that might
include tephra produced by (phreato-)magmatic fragmentation
(Fig. 6Vb) to build a ‘pyroclastic passage zone’ (Russell et al., 2013).
Effusive to explosive transitions can be driven by depressurization
resulting from drops in lake level caused by cataclysmic draining of
the englacial lake andmay produce outburst floods (i.e. jokulhaups;
Guðmundsson et al., 1997; Magnússon et al., 2010; Major and
Newhall, 1989). If the eruption is explosive throughout, it will

Fig. 6. Schematic representation of volcanic lithofacies and lithofacies associations associated with glaciovolcanism and summarized as a function of eruption style (columns) and
environment of eruption (rows). Columns denote effusive, transitional and explosive styles of eruption; transitional denotes a change from explosive to effusive or vice versa. The
environment of eruption (rows) concerns the glacio-hydrologic conditions and is based on whether the englacial lake is sustained (closed/sealed), transient (leaky), or drained
(open). Subaerial volcanism (Top Row) occurs in a well-drained environment. The resulting tuyas have a high-aspect ratio and can comprise: I) sub-horizontal lava, II) sub-
horizontal lava overlying pyroclastic and polygenetic tephra, III) pyroclastic and polygenetic tephra. Environmental transitions (Middle Row) result as the volcano breaches
the englacial lake producing a passage zone (Heavy Arrow) separating subaqueous vs. subaerial lithofacies: IV) basal pillow deposits overlain by volcaniclastic deposits resulting
from quench fragmentation, capped by sub-horizontal lava and an associated lava-fed pillow delta sequence, V) (a) polygenetic tephra overlain by sub-horizontal lava and asso-
ciated lava-fed pillow delta sequence or (b) pillow lava overlain by polygenetic tephra capped by pyroclastic tephra, VI) polygenetic tephra overlain by pyroclastic tephra. Multiple
passage zones may result if lake level fluctuates significantly throughout the eruption (Jones, 1969; Smellie, 2006). Subaqueous volcanism occurs completely within a sustained
englacial lake (Lower Row); the lake does not drain on the timescale of the volcanic event resulting in: VII) pillow lava and associated products of quench fragmentation, or VIII) (a)
polygenetic tephra overlain by pillow lava or (b) pillow lava overlain by polygenetic tephra, or IX) polygenetic tephra the character of which depends on the explosivity of the
system.

J.K. Russell et al. / Quaternary Science Reviews 87 (2014) 70e8178 Descriptive Genetic Classification of Tuyas

Russell et al. QSR, 2014



• Kima Kho is a Pleistocene (1949±63 ka) tuya in the northern Canadian Cordillera

• Multiple “passage zones” track transient depth of syn-volcanic paleo-englacial lake

• Peak lake depth (~340m) constrains the minimum ice thickness (> 400m) 

• Passage zones record a massive, catastrophic deluge (i.e. jökulhlaup) of 1-2 km3

• Glaciovolcanism records Cordilleran-scale ice sheet at ~1.9 Ma

SUMMARY
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