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My first step in glaciology

25 years of glaciers movement in one second 1990

Baltoro glacier, Karakorum

Up to 200 m/year (Paul, 2015; Quincey et al., 2008)




Glaciers and ice sheets drive sea-level-rise

* In Greenland glaciers flow up
to several kilometer per year!

* Ice goes to the ocean where
it increases sea-level rise

\As Speed (km.r"1 )
[ 77




On the dynamics of glaciers

* Glaciers form by snow accumulation

* Ice slowly deforms and flows downbhill Ice deformation




On the dynamics of glaciers

* Glaciers form by snow accumulation

* Ice slowly deforms and flows downhill

* At low altitudes surface melt occurs
and meltwater penetrates glaciers

lce deformation

Subglacial hydrology



On the dynamics of glaciers

* Glaciers form by snow accumulation

* Ice slowly deforms and flows downbhill lce deformation

* In low altitudes surface melt occurs
and meltwater penetrates glaciers

Subglacial hydrology
Basal sliding

* Subglacial waterflow modulates sliding
by lubrication

Up to 50 to 90%
of ice flow




My second step in glaciology

16 days profiles from 2013 to 2019 g
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A complex response to water supply

Early melt Late melt
500 : season : season

>

Water supply

Averaged over Greenland
land-terminating glaciers
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No direct relationship water/sliding

Evolution of the subglacial drainage system
o>

High basal Low water
water pressure pressure

500

>

Water supply
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(Davison et al., 2019)
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A complex drainage system

Evolution of the subglacial drainage system

=
Inefficient and distributed: Efficient and localized :
Cavities Channels
S
& Sliding o
— SR rl|
2 Ice —
l
: e.g. Rothlisberger
e.g. Lliboutry (1975), Nye
//‘ High basal water pressure N\  Low basal water pressure

//" More glacier flow \X Less glacier flow




Limited measurements

[How to measure a system rapidly evolving in time and strongly heterogeneous in space?]




Limited measurements

[How to measure a system rapidly evolving in time and strongly heterogeneous in space?]

Ground penetrating radar Basal water pressure measurements

Limited access to physical properties Punctual and highly heterogeneous
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Results of 700+ boreholes pressure sensors
(Rada and Schoof, 2018)

August 2019, Rhonegletscher
7 (Church et al., 2020)
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Key questions remain

(° Where are cavities and channels? )

* How do they develop?

. . : e
\_ What are their hydraulic properties: )

o o .
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Great uncertainties on the fate of glaciers

Surface Melt-Induced
Acceleration of Greenland Rapid accelerations of Antarctic Peninsula outlet

Ice-Sheet Flow 2002 Peter A. Tuckett!, Jeremy C. Ely® ™, Andrew J. Sole

H. Jay Zwally,’ Waleed Abdalati,”? Tom Herring,?
Kristine Larson,* Jack Saba,> Konrad Steffen®

ARTICLE 2019

glaciers driven by surface melt

1, Stephen J. Livingstone 1, Benjamin J. Davisonz,

J. Melchior van Wessem?3 & Joshua Howard'

Dominant inefficient
drainage system?

Decadal slowdown of a land -terminating sector
of the Greenland Ice Sheet despite warming 2015

Andrew J ./T\edstonel, Peter W. Nienow', Noel Gourmelen', Amaury Dehecq"?, Daniel Goldberg' & Edward Hanna®

N Dominant efficient

drainage system?




Time to find a new way to observe subglacial hydrology




Can seismology help?

— Ground shaking —

Seismic station
SR




A new-born tool to study subglacial hydrology

Subglacial discharge at tidewater glaciers revealed
by seismic tremor 2015

Timothy C. Bartholomaus’, Jason M. Amundson?, Jacob I. Walter', Shad O’Neel®, Michael E. West*
and Christopher F. Larsen*

Seismic Power
[5-10] Hz

Mendenhall
glacier, Alaska




A promising physical framework

Gimbert et al., (2014, 2016):
* Seismic power scales with hydraulic RADIUS and hydraulic PRESSURE gradient

Study and invert subglacial
hydraulic properties




Limitations at the beginning of my PhD

When/where can we apply it What can we observe?
* To other glaciers? * Only sensitive to channels?
* To complete melt-season? e Spatial information?

(at lower discharge?)
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My questions

#1

#2

#3

#4

Can we MEASURE subglacial-water-flow-induced seismicity
over complete melt-seasons? P
art |

What is the TEMPORAL dynamics of subglacial hydraulic
properties over complete melt-seasons?

Can we LOCATE distributed sources of seismic noise?
Part Il

What is the SPATIAL dynamics of cavities and channels?



Glacier d’Argentiere: a field-scale laboratory

Glacier d’Argentiere
S BN

Grenoble F



Unigue measurements commesmrs

©L. Moreau

Subglacial water

Basal sliding .
velocity discharge
\ 1-10 m3/sec

Measurements

~50 m/yr
Basal sliding
@ Water discharge

] ]
April August December

Direct access to

the base 2000-2016 average



Seismic measurements: temporal

* Up to 7 seismic stations maintained from spring 2016 to winter 2020
* Collaboration with Fabian Walter and Dominik Graeff from ETH Zurich

% L bt .
¥ 5 long-term
| seismic stations

7

Measurements

Basal sliding
@ Water discharge

@ Seismic In collaboration with the SAUSSURE project:
a multidisciplinary investigation of the

subglacial processes on glacier d’Argentiere.

i 7\
Direct access to
the base




Seismic measurements: temporal

~ 70 days of
maintenance + casing
and cabling preparation

5 long-term
seismic stations

Measurements

Basal sliding
@ Water discharge
@ Seismic

O mme— 500

(m) Direct access to

the base




Seismic measurements: spatial

* 98 seismic stations maitained for one-month in spring 2018

* A cross-disciplinary and cross-institutes collaboration

e, . &
98 short-term
| seismic stations

TG i 77

Measurements

Basal sliding
@ Water discharge
@ Seismic In collaboration with the RESOLVE project:
. A Y a development of a multi-instrument
b &8 Direct access to platform for interdisciplinary research.

the base




So what did | observe?




Part I: Temporal investigation of subglacial water flow

MMMM #1 Can we MEASURE subglacial-water-flow-induced seismicity
over complete melt seasons?

What is the TEMPORAL dynamics of subglacial hydraulic
properties over complete melt seasons?

#2




Seismic measurements
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Seismic measurements
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Notations

P,, = seismic power () = water discharge
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Theoretical end-members

(Gimbert et al., 2016)

2 predicted responses

~ N

Log-Log representation

Only Pressure gradient S varies —» P, x Q : ,

— P~ 143
— pw~Q5* —
N a3
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©
, @
S
Only Hydraulic radius R varies P, o
scaled (Q)
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Trends at seasonal scales
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Trends at seasonal scales

30| Q < 1m.sec™?!

23

20

15

10

Scaled (P,)

Theoretical scalings
5/4
—PW x Q'
14/3
: —P xQ
2 5 10 25
Scaled (Q)

(Nannietal., 2020)
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* Consistency between observations
and predictions




——> | #11USED SEISMOLOGY TO STUDY COMPLETE MELT SEASON | (]
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* Consistency between observations

Sep-01 and predictions

S
Aug-01 3

= Now invert hydraulic
Jul-01 properties S and R
Jun-01 (O~R?/3§1/2

PW~R7/3S7/3
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(Gimbert et al., 2016)



Inversion of hydraulic properties

Melt season of 2018

T
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Inversion of hydraulic properties

Melt season of 2018
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> | #2 I SUCCESSFULLY INVERTED HYDRAULIC PROPERTIES | <~
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Channel dynamics: theory

T Pee  Steady-state and equilibirum

prediction for channel dynamics
by Rothlisberger (1975)

6 ] Nov
Oct

Aug
Jul
RothliSberge - (1975) Jun
May

Scaled pressure gradient

Apr

1 2 5 10 25
Scaled discharge

)

RESULTS PART |

B = R N
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Scaled pressure gradient

Channel dynamics: theory VS observation

Dec « Steady-state and equilibirum

Nov . . ]
prediction for channel dynamics

Oct by Rothlisberger (1975)

Sep

Aug

Jul

Jun * QOut of equilibrium and

May pressurized at high discharge

Apr

1 2 5 10 25

(Nanni et al., 2020)



Potential cause(s) for high pressure in summer

Short term water input = q Cavities dominate the
Transient state or/an seismic power ?

Melt < Creep Melt > Creep
Sliding
—
Ice
Kinetics of water supply > channel’s response time Cavities might be pressurized

Previously thought to be noise-free




Part Il: Spatial investigation of subglacial water flow

MMW"WM #3  Can we LOCATE distributed sources of seismic noise?

#4 Whatis the SPATIAL dynamics of cavities and channels?




Measurements: 98 seismic sensors

Early melt season
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(Gimbert, Nanni, Roux et al., 2020)




The RESOLVE-Argentiere project A
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The RESOLVE-Argentiere project
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Glacier geometry and waterways

Distance 800

|
Prediction from hydraulic
potential calculation

Bed contour lines
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Easting (m from array center)

(Gimbert, Nanni, Roux et al., 2020)



How to locate distributed noise sources ?

Very few studies ...

Venkatesh et al., 2003; Stehly et al., 2006; Burtin et al., 2010; Corciulo et al., 2013;
Chmiel et al., 2019




How to locate punctual sources ?

-
u(t) = Ae i@V
\ | > Phase differences ~ time delays
\_ Amplltude Phase ) \ /[

Distance




Phase coherence for a punctual source

Wavefront when throwing
a stone in a lake
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Phase coherence for a punctual source

-

/2

o
Phase component

-7/2

Wavefront when throwing
a stone in a lake




MFP: the Match-field-processing method

* Assume a unique source over 1 second-signal

* Minimize misfit | Phase,,,qe1 — Phasegpserved | (gradient-based minimization)

Seismic array

(e.g. Kuperman et al., 1997; Corciulo et
al.,, 2013; Chmiel et al., 2019)




MFP: the Match-field-processing method

* Assume a unique source over 1 second-signal

* Minimize misfit | Phase,,,qe1 — Phasegpserved | (gradient-based minimization)

Find local and
29 starting points global minima




Punctual source: easy

* Assume a unique source over 1 second-signal

* Minimize misfit | Phase,,oqe1 — Phaseypserved | (gradient-based minimization)

* MFP score & phase coherency over the array

Impulsional signal:
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Unique location
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m
w
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Distributed sources: tricky

* Assume a unique source over 1 second-signal

* Minimize misfit | Phase,,oqe1 — Phaseypserved | (gradient-based minimization)
* MFP score & phase coherency over the array

Noisy signal:
Low MFP score ~ 0,1
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Distributed sources: tricky

* Assume a unique source over 1 second-signal

* Minimize misfit | Phase,,,qe1 — Phasegpserved | (gradient-based minimization)

* MFP score & phase coherency over the array

Impulsional signal: Noisy signal:
| HighMFPscore~1 | Multiple locations . Low MFP score ~ 0,1
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£ 300 = = AN e i ....l. 5k: | =
g : oelere T — | ¢
¢ | Whatis usually kept | ..:,:.:,:..;st:_,.—> g
a e N S . . e )
= Cerereititetete, | G
& .... .O L] ®
..

Time (sec)




A CONCEPTUAL ADVANCE!

« Assume a unique source over 1 second-signal
* Minimize misfit | Phase,,oqe1 — Phaseypserved | (gradient-based minimization)

* MFP score & phase coherency over the array

Impulsional signal:

Noisy signal:
» High MFP score ~ 1 Multiple locations . Low MFP score ~ 0,1
400 £ \ ; S °
e o_©
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A CONCEPTUAL ADVANCE!

* Subglacial water flow: low MFP score (several sources are active simultaneously)

* | stack each 1 second-location over long time periods (~ days)




Making density probability maps
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Patterns of noise and punctual sources
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Patterns of noise and punctual sources
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> [#3 | AM CAPABLE OF LOCATING SUBGLACIAL WATER FLOW] -

400 Predicted waterways
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s Max. * Along-flow geometry
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Spatio-temporal dynamics




From distributed ...




From distributed ...




From distributed ... to localized




From distributed ... to localized




> [#4 | AM CAPABLE OF CAPTURING SUBGLACIAL HYDROLOGY DYNAMICS} -

100 _ -
2D correlation coefficient

with final pattern




Spatial dynamics and hydraulic properties
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Spatial dynamics and hydraulic properties
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My questions on the methodology

#1

#2

#3

#4

Can we MIEEASURE subglacial-water-flow-induced seismicity over
complete melt-seasons?

What is the TEMPORAL dynamics of subglacial hydraulic
properties over complete melt-seasons?

Can we LOCATE distributed sources of seismic noise?

What is the SPATIAL dynamics of cavities and channels?



My questions on the methodology

Mymffiwy g1  Can we MEASURE subglacial-water-flow-induced seismicity
over complete melt-seasons?

@ #2

”‘W"‘\M’MW #3  Can we LOCATE distributed sources of seismic noise?

COp #a



My conclusions on methodological aspects

4 )
| USED SEISMOLOGY TO STUDY COMPLETE MELT-SEASON

| WAS CAPABLE OF SPATIALLY LOCATING SUBGLACIAL WATER FLOW
- j
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) Published in The Cryosphere > Submitted to PNAS + published in SRL
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Perspectives: different timescales

Daily variations Storm event
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[ Investigate kinetic effect and transient states ]




Perspectives: spatial variations of am

u(t) = @e“‘”
\

Amplltude Phase

A

1 selected day

* Might allow to spatialized
hydraulic properties

* Complex effect of
attenuation/amplification

olitudes

Relative amplitude (dB)



My questions on the studied processes

Mty 41

47 What is the TEMPORAL dynamics of subglacial hydraulic
@ properties over complete melt-seasons?

M 23

@ #4 What is the SPATIAL dynamics of cavities and channels?



My conclusions on the studied processes
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My conclusions on the studied processes

24/05-25/0%

Lo

=

26/04-27/0-

Summer

CAVITY

Scaled pressure gradient

1 2 5 10 25

Scaled water discharge

Linked cavity
(Kamb, 1987)

Localized water flow High pressure

gradient in summer! | can observe distributed water

flow in the cavities with seismology




Implication for subglacial hydrology dynamics

* Do we observe cavities only? Modelling subglacial hydrology with
Elmer/Ice-GlaDS coupling by A. Gilbert

* Do cavities domiantes the

drainage system? Water Sheet flux (m? s™")
0 0.02 0.04




Perspectives: we need to study other settings

My PhD




p

Current (or soon) dense seismic experiments

Subglacial lakes in Greenland
(S. Livingstone, A. Booth and
others - UK)

My post-doc?

Soft-bedded glaciers

and surges in Spitzberg
(T. Schuler, A. Kholer, and
others - Norway) My post-doc?

My PhD

Subglacial hydrology and
stick-slips in Canada

(N. Stevens, L. Zoet and
others - USA)

Grounding line dynamics
and subglacial hydrology in
Antarctica — 1,000 sensors

(The International Thwaites
Glacier collaboration)




Perspectives: continue sharing beyond academia

Making comics with 12
other PhD students
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An artistic collaboration
with EdZ

A collaboration during the

Presenting my works during Grenoble Scientific Game Jam

the « Week of science»
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