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Abstract. Ice streams are corridors of fast-flowing ice that
control mass transfers from continental ice sheets to oceans.
Their flow speeds are known to accelerate and decelerate,
their activity can switch on and off, and even their locations
can shift entirely. Our analogue physical experiments reveal
that a life cycle incorporating evolving subglacial meltwater
routing and bed erosion can govern this complex transitory
behaviour. The modelled ice streams switch on and acceler-
ate when subglacial water pockets drain as marginal outburst
floods (basal decoupling). Then they decelerate when the lu-
bricating water drainage system spontaneously organizes it-
self into channels that create tunnel valleys (partial basal re-
coupling). The ice streams surge or jump in location when
these water drainage systems maintain low discharge but they
ultimately switch off when tunnel valleys have expanded to
develop efficient drainage systems. Beyond reconciling pre-
viously disconnected observations of modern and ancient ice
streams into a single life cycle, the modelling suggests that
tunnel valley development may be crucial in stabilizing por-
tions of ice sheets during periods of climate change.

1 Introduction

Continental ice sheets currently store the equivalent of a 65 m
thick global water layer and have been major contributors
to the nearly 85 mm in global sea level rise measured be-
tween 1993 and 2017 (Vaughan et al., 2013; Beckley et al.,

2015). The mass transfer from these ice sheets to the ocean is
spatially heterogeneous: approximately 80 % of the ice dis-
charge is focused in a finite number of ice streams, which act
as preferential drainage pathways for meltwater (Bamber et
al., 2000; Bennett, 2003).

Modern and ancient ice streams are typically hundreds of
kilometres long and a few kilometres to tens of kilometres
wide, with ice velocities of the order of 10% to 10* myr—!.
Despite the fact that they occurred and occur in all for-
mer and modern ice sheets, their initiation and the controls
on their dynamics and evolution remain debated. Numeri-
cal modelling suggests that ice flow might self-organize into
regularly spaced ice streams as a consequence of thermo-
mechanical feedbacks within ice (Payne and Dongelmans,
1997; Hindmarsh, 2009) or because of inherent instability
of thin subglacial meltwater films (Kyrke-Smith et al., 2014).
Numerous observations, however, have highlighted preferen-
tial location of ice streams at sites of specific bed properties
such as in topographic troughs, over areas of soft sedimen-
tary geology, zones of higher geothermal heat flux or in ar-
eas where subglacial meltwater is routed (Winsborrow et al.,
2010; Kleiner and Humbert, 2014). These viewpoints might
not be mutually exclusive if self-organization into regularly
spaced streams is the primary control but it is strongly medi-
ated by local bed templates (e.g. troughs) or events (meltwa-
ter drainage) that initiate or anchor streams in certain loca-
tions. Exploring this hypothesis using numerical modelling
has not yet been achieved because of uncertainties in how to
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formulate basal ice flow in relation to bed friction, and due to
challenges of including all potentially relevant processes, es-
pecially for subglacial water flow (Flowers, 2015).

Observations of spatial and temporal variations in the ac-
tivity of ice streams against fluctuations in their subglacial
hydrology indicate that the style and flux of water drainage
is a major component driving change. Examples include re-
organization of subglacial drainage systems (Elsworth and
Suckale, 2016), subglacial water piracy (Vaughan et al.,
2008; Carter et al., 2013), and development and migration
of transient subglacial water pockets (Gray et al., 2005; Pe-
ters et al., 2007; Siegfried et al., 2016). However, these vari-
ations have been observed or inferred independently, at dif-
ferent places and on yearly timescales, thus limiting our un-
derstanding of the true role of the subglacial hydrology as
a primary or secondary driver of ice stream changes. In this
paper, we circumvent the challenge of numerically modelling
ice stream initiation and dynamics, including subglacial wa-
ter drainage, by exploiting a physical laboratory approach
that simultaneously combines silicon flow, water drainage
and bed erosion.

Connections between ice stream activity and subglacial
hydrology are supported by the occurrence of geomorphic
markers of meltwater drainage on ancient ice stream beds
(e.g. meltwater channels, tunnel valleys, eskers) (Patterson,
1997; Margold et al., 2015; Livingstone et al., 2016). Among
these markers, tunnel valleys deserve specific attention be-
cause they have high discharge capacities and, as such, may
be major contributors to the release of meltwater and sed-
iment to the ocean and may promote ice sheet stability by
reducing the lubricating effect of high basal water pressure.
These valleys are elongated and overdeepened hollows, rang-
ing from a few kilometres to hundreds of kilometres long,
from hundreds of metres to several kilometres wide and from
metres to hundreds of metres deep. Their initiation is gener-
ally attributed to subglacial meltwater erosion but their devel-
opment processes (in time and space) and their relationship
to ice streaming are still debated. Indeed, ice streams com-
monly operate because of high basal water pressure while
the development of a tunnel valley system generally leads
to enhanced drainage efficiency and basal water pressure re-
duction (Engelhardt et al., 1990; Marczinek and Piotrowski,
2006; Kyrke-Smith et al., 2014).

Several field studies have already suggested a connection
between catastrophic glacial outburst floods at ice sheet mar-
gins and a suite of events involving ice streaming, tunnel val-
ley development and stagnation of the ice margin (Jorgensen
and Piotrowski, 2003; Alley et al., 2006; Hooke and Jen-
nings, 2006; Bell et al., 2007). Such outburst floods can pro-
foundly and rapidly alter the oceanic environment by trans-
ferring considerable amounts of ice, freshwater, and sedi-
ment from continents to oceans (Evatt et al., 2006). The sus-
pected connection among ice streams, tunnel valleys, and
outburst floods has never been observed or modelled how-
ever.

The Cryosphere, 12, 2759-2772, 2018

T. Lelandais et al.: The life cycle of transitory ice streams

Here, we describe the results of a physical experiment per-
formed with an innovative analogue modelling device that
provides simultaneous constraints on ice flow, subglacial
meltwater drainage, subglacial sediment transport and sub-
glacial landform development (Lelandais et al., 2016; Fig. 1).
We propose that the location and initiation of ice streams
might arise from subglacial meltwater pocket migration and
drainage pathways and that the evolution of ice stream dy-
namics is subsequently controlled by subglacial drainage re-
organization and tunnel valley development. This study rec-
onciles into a single story several detached inferences, de-
rived from observations at different timescales and at differ-
ent places on modern and ancient ice streams.

2 Experimental ice stream model

Ice stream dynamics are controlled by various processes that
act at different spatial and temporal scales; they also in-
volve several components with complex thermo-mechanical
behaviours (ice, water, till, bedrock) (Paterson, 1994). Con-
sidering all these processes and components simultaneously,
together with processes of subglacial erosion, is thus a chal-
lenge for numerical computational modelling (Fowler and
Johnson, 1995; Marshall, 2005; Bingham et al., 2010). Some
attempts in analogue modelling have been made to improve
our knowledge on subglacial erosional processes by melt-
water (Catania and Paola, 2001) or gravity current instabili-
ties produced by lubrication (Kowal and Worster, 2015). To
combine ice flow dynamics and erosional aspects in a sin-
gle model, we designed an alternative experimental approach
that allows simultaneous modelling of ice flow, subglacial
hydrology and sedimentary—geomorphic processes. With all
the precautions inherent in using analogue modelling, our ex-
periments reproduce morphologies and dynamics that com-
pare well with subglacial landforms and ice stream dynamics
despite some differences in spatial and temporal scales and a
number of active processes (e.g. Paola et al., 2009).

2.1 Experimental apparatus

The model is set in a glass box (70 cm long, 70 cm wide and
S5cm deep) (Fig. 1). A Scm thick, flat, horizontal, perme-
able and erodible substratum, made of sand (d5p = 100 pm)
saturated with pure water and compacted to ensure homoge-
neous values for its density (ppux = 2000 kg m73), porosity
(® =41 %) and permeability (K = 10~*m s™1), rests on the
box floor. The ice sheet portion is modelled with a 3 cm thick
layer of viscous (1 = 5 x 10* Pas) and transparent but refrac-
tive (n = 1.47) silicon putty placed on the substratum. The
model is not designed to simulate an entire ice sheet. The sil-
icon layer is circular in top view (radius = 15cm) to avoid
lateral boundary effects on silicon flow. Subglacial meltwater
production is simulated by injection of water with a punctual
injector, 4 mm in radius, placed at a depth of 1.8 cm in the
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substratum and connected to a pump (Fig. 1). The injector is
located below the centre of the silicon layer to be consistent
with the circular geometry of the experiment. The water dis-
charge is constant (1.5 dm3h~") over the duration of the ex-
periment and generates water flow at the silicon—substratum
interface and within the substratum. Water discharge is cal-
culated beforehand so that water pressure exceeds the com-
bined weight of the sand and silicon layers. The injection of
water starts when the silicon layer reaches the dimensions
we fixed for every experiment (15 cm radius and 3 cm thick-
ness) and a perfect transparency. Once injected, water flow is
divided into a Darcy flow within the substratum and a flow
at the silicon—substratum interface. The water flowing at the
silicon—substratum interface originates from a pipe forming
at the injector once water pressure exceeds the cumulative
pressure of the silicon and sand layers. The ratio between the
Darcy flow and the flow at the silicon—substratum interface
is inferred from computations of the water discharge flowing
through the pipe based on the substratum properties and the
input discharge. We estimate that 75 % of the input discharge
in the substratum and 25 % of the input discharge along the
silicon—substratum interface is transferred as Darcy flow.

2.2 Acquisition process and post-processing

In order to monitor the development of landforms on the sub-
stratum, we use six synchronized cameras equidistant from
the experiment centre (Fig. 1) taking photographs of the ex-
periment every 5 s. Two cameras (orange in Fig. 1) cover the
whole extent of the experiment and four cameras (blue in
Fig. 1) focus on specific regions to obtain higher-resolution
images. These cameras take simultaneous pictures with dif-
fering positions and orientations. Digital elevation models of
the silicon surface and of the substratum are derived from
these images by photogrammetry. The ultimate stage of the
experiment is to remove distortions due to light refraction
through the silicon putty and apply corrections to the sub-
stratum topography. This treatment is achieved using a cus-
tom algorithm able to evaluate the gap between the measured
altitude and the real altitude of each pixel of the DEM (see
detailed post-treatment methods in Lelandais et al., 2016).
Tests performed on previously known topographies show that
the vertical precision of the retrieved digital elevation models
is better than 10~! mm.

The flow velocity of the silicon layer is monitored near its
base (Vpase), at mid-depth (Vpiq) and at its surface (Vsyrface)s
with an additional camera placed over the centre of the exper-
iment (green in Fig. 1). For that purpose, the camera records
the position in pictures taken at regular time intervals in ul-
traviolet (UV) light of 180 UV paint drops (1 mm in radius)
placed 1 mm above the base, at mid-depth and at the surface
of the silicon layer (Figs. 1, S1 in the Supplement). The mon-
itoring of every UV marker position through time was used
to produce velocity and vertical displacement maps. Vertical
displacement maps are interpolated from the subtraction of
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the DEM at time ¢ with the DEM generated from the pho-
tographs taken a few seconds before the injection. Velocity
maps are interpolated from the subtraction of the position of
every marker at time # with the position of the same markers
at the previous stage. These passive markers are transparent
at visible wavelengths and do not alter pictures of the substra-
tum taken through the silicon cap. They represent less than
0.5 % of the silicon layer in volume and tests have shown
that they do not affect its overall rheological behaviour. Un-
certainties in the measured position of markers on images
are less than 1 pixel in size (i.e. less than 10! mm); thus
uncertainties in the derived velocities are comprised between
5x107*and 2 x 1073 mms~!, depending on the time inter-
val between photographs.

2.3 Scaling and limitations

In this study, we focus our attention on the relations among
subglacial water flow, subglacial erosion and ice flow using
an experiment approach. Considering that in our model melt-
water is simulated by an injection of water, the rules of a clas-
sical scaling in which the model is a perfect miniaturization
of nature are not practical (Paola et al., 2009). In this perspec-
tive, we base the scaling of our model on the displacement
of the natural ice and experimental silicon margins through
time. We use a unit-free speed ratio between the silicon and
ice margin velocity and the incision rate of experimental and
natural tunnel valleys. In this way, the complexity of the rela-
tions among subglacial hydrology, subglacial erosion and ice
flow, which is one of the main issues in numerical modelling,
is included in the velocity values. The scaling attests that the
value of the ratio between margin velocity and incision rate
of tunnel valleys in the experiment falls within the field va-
lidity defined by the range of natural settings (full details in
Lelandais et al., 2016). The main scaling limit regards the
viscosity ratios among glacier ice, silicon putty and water.
The size of the experimental ice stream, being partly con-
trolled by the high silicon viscosity, may be underestimated
compared to the size of modelled tunnel valleys.
Considering that our model is a simplification of nature,
we cannot simulate the real complexity of the natural pro-
cesses. In contrast to ice, the commercial silicon putty we
use (Dow Corning, SGM36) is impermeable, Newtonian,
isotropic, and its viscosity is nearly independent of temper-
atures between 10 and 30 °C. Therefore, rheological soften-
ing with strain rate, temperature, anisotropy, and meltwater
content (e.g. Bingham et al., 2010) cannot be reproduced.
The silicon putty cannot reproduce the ice—water phase tran-
sition either, requiring the use of punctual water injection
in the experiment. This punctual injection does not simulate
the mosaic of meltwater production regions existing beneath
glaciers or the episodic input from supraglacial-englacial
meltwater reservoirs. Experimental meltwater routing is pre-
dominantly controlled by the water discharge we inject in
our system and therefore differs from parameters controlling
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Figure 1. Description of the analogue device used in this study. (a) Overview of the analogue device. The analogue device consists in a
70 cm long, 70 cm wide, and 5 cm deep glass box filled with saturated and compacted sand simulating the substratum. The ice sheet portion
is simulated by a circular layer of silicon putty containing three levels of UV markers. Meltwater production is simulated by a central and
punctual injection of pure water within the substratum. Five synchronized cameras placed above the silicon putty (in blue) focus on the tunnel
valley system and are used to produce digital elevation models by photogrammetry. Another camera (in orange) takes overview photographs
of the analogue device to follow the progress of the whole experiment. A last camera (in green) is positioned at the vertical of the silicon
layer centre and is configured to take high-resolution photographs of the UV markers in black light (illuminated with two lateral UV LED
lights). (b) Cross-sectional profile of the analogue device displaying the position of the UV markers and the physical characteristics of both
the substratum and the silicon layer.
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hydrology in glacial systems. Subglacial meltwater routing
is indeed controlled by the ice surface slope, the bed to-
pography, and the glacier mass balance (Rothlisberger and
Lang, 1987). The ice surface slope controls potentiometric
surfaces, generally guiding subglacial water flow parallel to
ice sheet surfaces (Glen, 1954; Shreve, 1972; Fountain and
Walder, 1998). Finally, the substratum we use is homoge-
neous, flat and composed of a well-sorted mixture of sand-
sized grains. This model, designed to decipher the interac-
tion between subglacial hydrology and ice dynamics, hin-
ders the influence of bed topography and geology (especially
the influence of subglacial till) (Winsborrow et al., 2010).
The deformation of the subglacial till and its complex rhe-
ological behaviour is known to promote ice streaming (Al-
ley et al., 1987), modify the subglacial hydrology, and alter
the size of tunnel valleys. The development of an analogue
material scaled to reproduce subglacial till characteristics is
extremely difficult so we did not try to include the equiva-
lent of a till layer in the experiment. We thus assume that the
velocity contrasts observed in the experiment are likely to
be amplified in natural ice sheets by the complex rheological
behaviour of ice and till. This may lead to the development
of narrower ice streams with higher relative velocities and
sharper lateral shear margins in natural ice sheets than in the
experiment (Raymond, 1987; Perol and Rice, 2015).

3 Experimental results
3.1 Stage-by-stage experimental progress

This experiment was repeated 12 times with identical input
parameters (a 30 mm thick silicon layer of 150 mm radius;
constant water input of 1.5dm> h~! during 18005s). After an
initial identical state, a six-stage ice stream life cycle linking
outburst flooding, transitory ice streaming, and tunnel val-
ley development has been observed for all these simulations
(Figs. 2, 3).

Initial state (Fig. S2). As long as no water is injected in the
substratum, the silicon layer spreads under its own weight
and displays the typical parabolic surface profile of an ice
sheet. It increases in diameter and decreases in thickness with
time, thus producing a radial pattern of horizontal veloci-
ties, which increase in magnitude from the centre (Vyyrface <
3x 1073 mms™) to the margin (Vgurface = 8 X 103 mms1)
(Fig. S2). Wy is close to 0 over the full extent of the sili-
con layer ( VYEZZ ~ 0 %), indicating coupling with the sub-
stratum. The silicon flow pattern changes when meltwater
production is simulated by injecting water at a constant dis-
charge (1.5dm> h™!), beneath the silicon layer.

Stage 1 (Figs. 2a, 3a). A water pocket grows below the
centre of the silicon layer and raises its surface by 2 mm.
Above the water pocket, the silicon accelerates (Vgurface =
35 x 10> mms~') and is decoupled from the substratum

(% =75 to 80 %). Below the rest of the silicon layer,
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lower velocities (Vurface = 8 X 103 mms™ !, VV"% =40to
50 %) indicate higher basal friction. These resuls are consis-
tent with inferences that meltwater ponding can form pres-
surized subglacial water pockets associated with basal de-
coupling, surface uplift, and ice flow acceleration in natural
ice sheets (e.g. Hanson et al., 1998; Elsworth and Suckale,
2016; Livingstone et al., 2016). In the experiment, however,
these effects are restricted to an approximately circular re-
gion and are not sufficient to produce channelized ice stream-
ing.

Stage 2 (Figs. 2b, 3b). The water pocket expands and
migrates towards the margin of the silicon layer. The lack
of channels incised in the substratum indicates that this
displacement occurs as distributed water drainage without
any basal erosion. In the silicon layer, the region of sur-
face uplift, basal decoupling and acceleration (Vgyrface = 18 %
103 mms~!, ‘,Vb% =75 to 85 %) expands and migrates
downstream with the water pocket. Similar migrations of
pressurized subglacial water pockets have been observed or
inferred under modern and ancient ice sheets (Fricker et al.,
2007; Carter et al., 2017), sometimes associated with migra-
tions of regions of ice surface uplift and ice flow acceleration
(Bell et al., 2007; Stearns et al., 2008; Siegfried et al., 2016).
The experiment indicates that the migration of water pockets
at the ice—bed interface can contribute to the emergence of
ice streams.

Stage 3 (Figs. 2c, 3c¢). When the water pocket reaches
the margin of the silicon layer, it drains suddenly as a sheet
flow. This marginal outburst flood is still fed by distributed
drainage and conveys sand particles eroded from the sub-
stratum towards a low-angle marginal sedimentary fan (up
to 40 mm long, 30 mm wide and 0.3 mm thick; Fig. S3). Si-
multaneously, the silicon flow focuses in a stream (200 mm
wide at the margin) that propagates upstream from the sil-
icon margin to the water injection area. This stream imme-
diately peaks in velocity (Viyrface = 80 X 103 mms~!, 16
times higher than the surrounding silicon) and is entirely de-
coupled from its substratum (% > 90 %). Although sim-
ilar relations between outburst floods and ice flow accelera-
tions have been suspected in modern (Alley et al., 2006; Bell
et al., 2007; Stearns et al., 2008) and former (Livingstone et
al., 2016) ice sheets, they have been documented for valley
glaciers only (e.g. Anderson et al., 2005). In these regions,
they can produce sudden meltwater discharges that exceed
the capacity of distributed subglacial meltwater drainages
and promote basal decoupling and ice flow acceleration (e.g.
Magnisson et al., 2007). The experiment confirms that out-
burst floods can promote basal decoupling and trigger ice
streaming in ice sheets (Fowler and Johnson, 1995).

Stage 4 (Figs. 2d, 3d). The distributed subglacial drainage
system starts to channelize: two valleys (TV1 and TV2) ap-
pear below the margin of the silicon layer and gradually ex-
pand by regressive erosion of the substratum. At this stage,
TV1 is 30mm long, 12mm wide and 0.5 mm deep; TV2
is 80 mm long, 10 mm wide and 0.5 mm deep. These val-
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Water injection

¥ | Water pocket drainage

Figure 2. Temporal evolution of the experiment seen in raw photographs. (a) Formation of a water pocket. (b) Migration of the water pocket.
(c) Marginal drainage of the water pocket and onset of the silicon stream. (d) Development of two tunnel valleys (TV1 and TV2). (e) Drainage
of a second water pocket and silicon stream migration. (f) Development of a new generation of tunnel valleys (TV3) and silicon stream decay.
Silicon flow velocity and silicon surface displacement maps corresponding to the six stages described here are presented in Fig. 3.
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Figure 3. Temporal evolution of the experiment. (a) Formation of water pocket, uplift of silicon surface uplift, and acceleration. (b) Migration
of water pocket and overlying region of uplift and accelerated flow. (¢) Marginal drainage of water pocket and onset of silicon streaming.
(d) Tunnel valley development and silicon stream deceleration. (e) Formation, migration, and marginal drainage of a new water pocket and
development of a second silicon stream and of a new tunnel valley. (f) Decay of the second silicon stream. From left to right: (i) maps of
vertical displacements of silicon layer surface, (ii) maps of horizontal velocity at silicon layer surface, (iii) cross-sectional velocity profiles
(absolute velocity on the right axis; velocity normalized by background velocity on the left axis; profile locations indicated by white lines
A-B on maps), (iv) vertical velocity profiles for the silicon stream (red profiles, locations labelled 2 on maps) and for the region opposed to
the silicon stream (black profiles, locations labelled 1 on maps).
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Figure 4. Digital elevation model (DEM) of an experimental tunnel valley and its associated longitudinal profile. (a) Snapshot of the tunnel
valley system. (b) DEM of the tunnel valley corresponding to the one highlighted by a dashed box in (a). (¢) Undulating longitudinal profile
of the tunnel valley bottom extracted from the DEM in the dashed box shown in (b).

leys, with their constant widths, undulating long profiles
and radial distribution, are analogue to natural tunnel val-
leys in their dimensions, shapes, and spatial organization
(Lelandais et al., 2016; Fig. 4). They are fed by distributed
water drainage. The sand eroded from the substratum tran-
sits through these valleys and accumulates in high-angle
marginal sedimentary fans, higher in elevation than the val-
ley floors (TV1 fan is up to 27 mm long, 30 mm wide and
0.5mm thick; TV2 fan is up to 20mm long, 24 mm wide
and 1 mm thick; Fig. S3). In response to progressive chan-
nelization of the water drainage into the expanding valleys,
the silicon stream narrows and slows down (120 mm wide at
the margin; Viyrface = 24 X 1073 mm s_l). The silicon stream,
still channelized, still flows 8 times faster than the rest of
the silicon layer and is still decoupled from the substratum
(V‘i’:gece > 85 %). These results are consistent with inferences
that channelization of hitherto distributed subglacial water
drainage systems can occur and reduce ice flow velocity af-
ter outburst floods (Kamb, 1987; Retzlaff and Bentley, 1993;
Magnisson et al., 2007), and it can be responsible for nar-
rowing and deceleration of ice streams (Raymond, 1987; Ret-
zlaff and Bentley, 1993; Catania et al., 2006; Beem et al.,
2014; Kim et al., 2016). At this stage of the experiment, this
transition, which corresponds to the initiation of tunnel val-
leys, is not sufficient to stop ice streaming, however.

Stage 5 (Figs. 2e, 3e). A new transient water pocket grows
below the silicon layer, migrates and drains as an outburst
flood, thus forming a new low-angle marginal sedimen-
tary fan with a lateral offset of 4 cm with respect to TV1.
This induces the activation of a second stream (Vgyrface =
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40 x 103 mms~1) decoupled from its substratum (; V‘”‘“ =

80 %) and the initiation of a new radial valley (TV3) in
a hitherto slow-moving region of the silicon cap. Simul-
taneously, the first silicon stream switches off (Vgurface =
10x 1073 mm s~1)and recouples to its substratum (72 Vbase =
30 %), but water and sand still flow through TV1 and TV2 At
this stage, TV1 is 100 mm long, 8 mm wide, and 0.7 mm deep
and its fan is up to 21 mm long, 40 mm wide, and 1.1 mm
thick; TV2 is 80 mm long, 7.5 mm wide, and 0.6 mm deep
and its fan is up to 20mm long, 28 mm wide, and 1.6 mm
thick. This result is consistent with inferences that natural ice
streams can switch on and off, surge, and jump in location in
response to changes in subglacial water drainage reorganiza-
tion (Catania et al., 2012; Le Brocq et al., 2013; Beem et al.,
2014; Hulbe et al., 2016). The experiment further indicates
that this complex behaviour is controlled by the growth and
migration, in various possible directions, of transient pressur-
ized subglacial water pockets that form successively as long
as the discharge capacity of tunnel valleys systems is not suf-
ficient to efficiently drain the available meltwater.

Stage 6 (Figs. 2f, 3f). Since their initiation, TV1, TV2,
and TV3 have progressively increased in width, depth and
length. At this stage TV1 is 100 mm long, 17 mm wide, and
1.2mm deep and its fan is 28 mm long, 4 mm wide, and
1.5 mm high at the maximum; TV2 is 80 mm long, 10 mm
wide, and 0.8 mm deep and its fan is up to 16 mm long,
23 mm wide and 1.6 mm thick; TV3 is 60 mm long, 11 mm
wide, and 0.55mm deep and its fan is up to 14 mm long,
23 mm wide, and 0.7 mm thick. Their overall volume and dis-
charge capacity have thus increased (Fig. 5). In response to
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Figure 5. Progressive expansion of overall volume of tunnel valley system vs. velocity of silicon margin through the experiment. The circled
numbers correspond to the six stages of the proposed ice stream life cycle.

this increased drainage efficiency, the second stream gradu-
ally decays (Vsyrface =5 X 10° mm s~ 1) and recouples to its
substratum (vgfffiic =35 %). The silicon layer ultimately re-
covers a radial flow pattern (Fig. 3f). This result is consistent
with the inference that ice streams may decelerate and even
switch off in response to reduction of subglacial water pres-
sures when efficient subglacial water drainage systems de-
velop (Retzlaff and Bentley, 1993; Beem et al., 2014; Living-
stone et al., 2016; Kim et al., 2016). In the experiment, this
development is governed by the expansion of tunnel valley
networks. Large glaciotectonic thrust masses at the ice mar-
gin near tunnel valley fans are generally assumed to be field
evidence of a fast ice flow stage prior to drainage through
tunnel valleys (Hooke and Jennings, 2006).

3.2 Experimental reproducibility and variability

This experiment has been reproduced 12 times with iden-
tical input parameters. We always observe the same pro-
cesses and events acting in a similar chronological order:
(1) water pocket forms, (2) water pocket migrates, (3) wa-
ter pocket drains (outburst flood) and silicon stream switches
on, (4) tunnel valleys form in response to channelization,
(5) silicon stream slows down, and (6) it finally switches
off in response to the increase in drainage efficiency dur-
ing tunnel valley development. However, despite this consis-
tency in the progress of all simulations, some variability has
been detected. We measured different migration rates for the
water pocket ranging from 30 to 80s that may result from
small changes in subglacial topography and in the dynam-
ics of silicon-bed decoupling. Considering a constant water
discharge and the characteristics of the experiment, a longer
period of migration implies a longer period of water stor-
age and a bigger water volume released at the silicon mar-
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gin during the pocket drainage. We therefore recorded peak
velocities for water pocket drainage ranging from 6.1073 to
12.10~3 mms~!. In response to variations in the water vol-
ume drained at the margin and peak discharge, the maxi-
mum width of the silicon stream varies from 120 to 250 mm.
The magnitude of the outburst flood triggered during water
pocket drainage also influences the number of tunnel valleys
that subsequently form during the channelization stage. A
high-magnitude outburst flood generates a wider erosion be-
neath the silicon that will be suitable for the development of
multiple tunnel valleys. Hence, the number of tunnel valleys
at the end of the experiments ranged from one to five with one
to three tunnel valleys formed simultaneously during the ini-
tiation of the channelization stage. These valleys range from
40 to 120 mm long, 3 to 18 mm wide, and 0.3 to 1.8 mm deep.
During tunnel valley development, the evolution of drainage
efficiency varies among the experiments. A relatively ineffi-
cient system of tunnel valleys induces upstream water pocket
formation. As observed in Fig. 3e, the drainage of this be-
lated water pocket may provoke water rerouting beneath the
silicon layer and subsequent lateral migration of the silicon
stream. We counted zero to two events of silicon stream mi-
gration for single experiments. Finally, the time required to
reach the phase of ice stream decay highly depends on the
number of tunnel valleys formed during the experiments and
their progressive development. We observed a lifetime for the
silicon stream ranging from 500 to 1700 s, correlated with the
evolution of the drainage efficiency during tunnel valley de-
velopment.

4 Proposed life cycle of transitory ice streams

The experiment demonstrates that, on flat and homogenous
beds, ice streams may arise, progress, and decay in response
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valley development. Basal topography and surface flow velocity maps are derived from the experiment.

to mechanical interactions among ice flow, subglacial wa-
ter drainage, and bed erosion. On uneven or heterogeneous
beds (not simulated in this model), these interactions may
additionally be enhanced or disturbed by spatial variations in
the subglacial topography, geology, and geothermal heat flux
(e.g. Bentley, 1987; Blankenship et al., 1993; Anandakrish-
nan et al., 1998; Bourgeois et al., 2000; Winsborrow et al.,
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2010). The complex rheology of glacial ice and subglacial
till (both generally soften with increasing strain rate, tem-
perature, water content, and anisotropy) may also enhance
these interactions by increasing velocity contrasts between
ice streams and their slower-moving margins. This may lead
to the development of narrower ice streams with higher ve-
locities and sharper lateral shear margins in natural ice sheets
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than in the experiment (Raymond, 1987; Perol and Rice,
2015).

Although the complexity of glacial systems cannot be fully
modelled using the present experimental setup, our results
highlight the critical connection between ice streams and tun-
nel valleys. As reviewed in Kehew et al. (2012) and sug-
gested in Ravier et al. (2015) this relation was suspected
from the occurrence of tunnel valleys on ancient ice stream
beds. However, it raised a contradiction: subglacial meltwa-
ter pressures are generally supposed to be high below ice
streams (Bennett, 2003) while tunnel valleys are generally
assumed to operate at lower water pressures (Marczinek and
Piotrowski, 2006). Although speculated from field evidence,
our results demonstrate that ice streaming, tunnel valley for-
mation, release of marginal outburst floods, and subglacial
water drainage reorganization may be interdependent parts of
a single ice stream life cycle that involves temporal changes
in subglacial meltwater pressures (Fig. 6).

1. Ice stream seeding. A prerequisite to the activation of
ice streams is the formation of pressurized subglacial
pockets by meltwater ponding in ice sheet hinterlands.
Approximately circular regions of surface uplift and ac-
celerated ice flow develop above these transient water
pockets.

2. Ice stream gestation. Pressurized water pockets migrate
downstream by distributed water flow. Regions of sur-
face uplift and accelerated ice flow migrate accordingly.

3. Ice stream birth. Once water pockets reach ice sheet
margins, they drain as outburst floods. At that time, ice
streams switch on, peak in velocity, and propagate to-
wards ice sheet hinterlands as decoupled corridors of
accelerated ice flow underlain by pressurized distributed
water drainage.

4. Ice stream ageing. Subglacial water drainage then chan-
nelizes gradually: tunnel valleys fed by pressurized dis-
tributed drainage start to form at ice stream fronts. Sub-
sequent expansion of tunnel valleys by regressive ero-
sion progressively increases their overall discharge ca-
pacity, lowers subglacial water pressures, and provokes
gradual ice stream recoupling and deceleration. The re-
sponse of ice stream dynamics to drainage channeliza-
tion and tunnel valley development might be underesti-
mated due to the high erodibility of the subglacial bed
used in the experiment.

5. Ice stream rebirth (relocation or surge). As long as tun-
nel valley systems keep low drainage capacities, suc-
cessive pressurized subglacial water pockets can form,
migrate, and drain as marginal outburst floods. On even
and homogeneous ice sheet beds, the subglacial wa-
ter drainage is controlled by the surface topography of
ice sheets: subtle temporal changes in this topography
may thus be able to produce consecutive generations
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of ice streams and tunnel valleys at different locations
and with different flow directions. These jumps in lo-
cations and directions may be responsible for the for-
mation of independent, but sometimes intersecting, ice
stream corridors and tunnel valley networks on some
ancient ice sheet beds (Fowler and Johnson, 1995; Jgr-
gensen and Piotrowski, 2003). By contrast, if subglacial
water routes and ice flow are constrained by bed het-
erogeneities, migration of successive subglacial water
pockets along predetermined paths may induce sequen-
tial ice stream surges (Fowler and Johnson, 1995; Hulbe
et al.,, 2016) and participate in the gradual develop-
ment of complex tunnel valley systems at fixed places,
like the McMurdo Dry Valleys “labyrinth” in Antarctica
(Lewis et al., 2006).

6. Ice stream senescence. Ice streams may ultimately
switch off when drainage capacities of tunnel valley sys-
tems are sufficient to limit subglacial water overpres-
sures. The progressive decay of an ice stream activity
can be partially produced by the thinning of the ice
layer and the subsequent reduction of the stress driv-
ing ice flow in ice stream corridors (Robel et al., 2013).
Our experiments display negligible thinning prior to ice
stream decay. With a constant water discharge being
applied in experiments, we demonstrate that increased
drainage efficiency during tunnel valley development
can solely be responsible for ice stream slowdown. Tun-
nel valleys and ice streams are frequently found to co-
exist, as exemplified by the many examples reported
from the southern margin of the Laurentide Ice Sheet
(Patterson, 1997; Livingstone and Clark, 2016). In one
case, development of tunnel valleys has been suggested
to have led to stagnation of ice flow at an ice stream
terminus (Patterson, 1997), a process that we have now
demonstrated by modelling. This further indicates that
tunnel valley development could secure ice sheet sta-
bility as hinted by Marczinek and Piotrowski (2006) by
preventing ice stream destabilization. We apply a con-
stant meltwater discharge to our model; however melt-
water production and discharge in a subglacial system
fluctuates at different timescales (day, year, decades).
Fluctuating water production may have further impli-
cations on the size of ice streams, the size and num-
ber of tunnel valleys that develop through time, and
the timescale involved in ice sheet destabilization and
stabilization. The oscillation in water production could
strengthen and multiply the life cycles of some transi-
tory ice streams, already deciphered with a constant wa-
ter discharge in this study.

In a global change context, phenomena of ice stream stabi-
lization would require that pre-existing and newly forming
tunnel valley systems expand sufficiently fast to accommo-
date increased meltwater production. Investigating the pro-
cesses and rates of tunnel valley development is warranted
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more than ever to better assess ancient and present-day ice
sheet behaviour.

5 Conclusions

The transitory and mobile nature of ice streams may be un-
derstood in the framework of a model life cycle that in-
volves temporal changes in subglacial meltwater pressures
and arises from interactions among ice flow, subglacial wa-
ter drainage, and bed erosion. In this model life cycle tran-
sitory ice streams arise, progress and decay in response to
subglacial flooding, changes in type and efficiency of sub-
glacial drainage, and development of tunnel valleys. These
results are consistent with (and reconcile) a variety of other-
wise detached observations performed at different timescales
and at different places, on modern and ancient natural ice
streams. One of the most novel outcomes of this study is
that subglacial tunnel valley development may be crucial in
controlling ice stream vanishing and perhaps, as a conse-
quence, in preventing catastrophic ice sheet collapses dur-
ing periods of climate change (Hulbe, 2017). The processes
and rates of tunnel valley development are thus major issues
for predicting the forthcoming behaviour of present-day ice
sheets and for assessing their contribution to the release of ice
and freshwater to the ocean. The innovative experimental ap-
proach used here opens new perspectives on the understand-
ing of subglacial processes controlling ice sheet dynamics
and destabilization.
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