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S1. Recorded tilt timeseries
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Figure S1: Temporal evolution of the tilt θ at each inclinometer #1-18 of borehole BH2. The

depth of each sensor is indicated in the title of each panel.
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Figure S2: Same as Figure S1 but for inclinometers #1 to #17 of BH3
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Figure S3: Same as Figure S1 but for inclinometers #1 to #18 of BH4
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S2. Analysis using the Keller and Blatter (2012) model
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Figure S4: Computed RMSE between observed and modeled tilt evolution following Keller and

Blatter (2012) as a function of dw/dz and du/dz for inclinometers BH2#1 to BH2#8. We note

that Keller and Blatter (2012) model assume dw/dz=-du/dx from mass conservation and dv/dy=0.

We model the recorded tilt evolution θ(t) using the analytical formulation proposed by Keller and

Blatter (2012) under the hypothesis of constant flow gradient through time. The tilt evolution is a

function of du/dz and dw/dz for which we find the best value to fit the data using a simple grid

search approach. The value of ϕ0 is set to π/2 if the recorded θ go through a minimum (ex: Figure

S1, BH2#3) and the value of θ0 is given by the minimum value of θ. If θ does not go through a

minimum (ex: Figure S1, BH2#8), ϕ0 is set to 0 and θ0 is given by the initial value of the recorded

timeserie. The Root Mean Square Error (RMSE) between model and data are shown for each

timeserie in Figures S4 and S5 as a function of du/dz and dw/dz. Note that under the assumption

dv/dy = 0, dw/dz = −du/dx due to the incompressibility of ice. The resulting tilt curves with the

best values of du/dz and dw/dz are shown in Figures S6 and S7. The reconstructed du/dz as a

function of depth is shown in Figure S8a and compared with that reconstructed using Eq. (1) in the

main manuscript. It shows good agreement between the two approaches except for the two deepest

sensors, which are likely influenced by extensive horizontal strain, and BH2#6, which is found to be

influenced by compressive horizontal strain. In the case of BH2#6, the Keller and Blatter (2012)

model tends to infer positive dw/dz (see Figure S4) because of a decreasing tilt change rate at the

end of the time series (see figure S6). However, this change is likely due to a temporal change in the

stress field and associated du/dz change (see main manuscript) and the Keller and Blatter (2012)

model likely overestimate the mean du/dz here. The temporal variation of strain also likely affect

the reconstructed du/dz at other depth making the Keller and Blatter (2012) not appropriate to

evaluate du/dz using the whole timeserie. For comparison, we also show du/dz derived from the
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Keller and Blatter (2012) model with dw/dz = 0, which is closer to the original value using Eq. (1)

in the main manuscript and probably more realistic, given that the modeled dw/dz outside the

basal layer is very small (see Figure S13). In conclusion, it is likely that compressive/extensive

strains play a role only for the two deepest sensors, and that Eq. (1) of the main manuscript is more

appropriate elsewhere because of the time-varying strain rate.
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Figure S5: Same as Figure S4 but for inclinometers #9 to #18 of BH2.
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Figure S6: Observed and modeled tilt evolution following Keller and Blatter (2012) for inclinome-

ters BH2#1 to BH2#8.
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Figure S7: Same as Figure S6 but for inclinometers BH2#9 to BH2#18.
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Figure S8: (a) Estimated du/dz using Keller and Blatter (2012) compared to estimated average

du/dz using Eq. (1) from the main manuscript (see Figure 2 of the main text). (b) Same but with

imposing dw/dz = 0 in the Keller and Blatter (2012) model.
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S3. Estimation of the error on du/dz and ud

The deformation is given by:

du

dz
=

∆tan θ

∆t
, (1)

and thus the error in du/dz is, by propagation of uncertainties,

ϵdu/dz =
1

∆t

d tan θ

dθ
ϵθ =

1

∆t
(1 + tan2 θ)ϵθ, (2)

where ∆t is the time period we use to compute du/dz, θ is the tilt and ϵθ is the maximum

error on evaluating θ. The precision in θ is set by the constructor to 0.01°, such that the error is

0.005°. Since we measure the change over a series of values, the maximum error will be equal to the

precision,

ϵθ = 0.01◦ = 0.00017 rad. (3)

Based on our retrieved tilt, we can define two limit angles, θ = 0 and θ = π/4, such that the

limit error will be

ϵ0 =
1

∆t
ϵθ, ϵπ/4 = 2ϵ0. (4)

With this in mind, we can plot the du/dz error map as a function of θ and ∆t in Figure S9.

The error in the velocity integrated over a thickness ∆z can be roughly estimated as

ϵu = ϵdu/dz∆z. (5)

We plot two example estimates of the error in ud in Figure S10. Since it is reasonable to estimate

that for most of the thickness the tilt at BH2 is closer to 0 than to 45°, it is likely that our machine

error on the weekly deformation velocity is not much greater than 2 m a-1.
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Figure S9: Error in the rate of deformation du/dz. If we take the deformation every few days

(∆t ≥ 4, for instance) our machine error is almost negligible.

Figure S10: Cumulative machine error in the velocity. The real value will be closer to the blue

lines, since only a couple tiltmeters are tilting at approximately 45°, and they only cover a few

meters.
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S4. Residuals of the linear model applied to surface veloc-
ities at ARG1

Figure S11: Residuals of the linear model of Lliboutry (1974) applied to daily averages of surface

velocities per GPS station, recalculated after an initial run that discarded those measurements with

a residual three times higher than the standard deviation.
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S5. Modeled stress field and velocity gradient at BH2
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Figure S12: Modeled stress field τxx, τyy, τzz and τyz along a transversal cross section at BH2

location. The inclinometers from BH2 are shown as red dots
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Figure S13: Modeled du/dx (a) and dw/dz (b) along a transversal cross section at BH2 location.

The inclinometers from BH2 are shown as red dots.
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Figure S14: Modeled stress profiles at BH2 for different value of n and uniform creep factor.
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S6. Parabolic approximation of Argentière Glacier at BH2
site

Figure S15: Cross section of Argentière Glacier at BH2 location Vincent et al. (2009) and parabolic

approximation of the valley with a half-width to height ratio of 2. Note that the ’Distance’ and

’Altitude’ axis are not at the same scale.

14



S7. Temporal variability in du/dz at BH2 site for each sen-
sor
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Figure S16: (a) Timeserie of normalized du/dz inferred at each sensor of BH2 (between bedrock

and 100m-depth) on daily (blue) and bi-monthly (orange) timescale. The black curve shows a 1-year

period sinusoidal fit. The red curve is the average sinusoidal fit for all sensors except #6,11,12,14.

(b) Amplitude of the sinusoidal fit as a function of depth (black line) and average amplitude (red

dashed line).
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Figure S17: Sinusoidal fits for each sensors (same as in Figure S16). The red curve is the average

fit for all sensors except #6,11,12,14 (dashed lines).

S8. Influence of the local bed topography on the basal layer

Studies of ice sliding on hard beds show that a boundary layer with important flow gradients

develop around the bed bumps (Kamb, 1970; Gudmundsson, 1997a,b) with maximum deformation

rates attained a certain distance above the bed, not immediately at the ice-bed interface. In this

section, we will compare our observations with an analytically derived deformation rate profile close

to the bed following Gudmundsson (1997b) and Gudmundsson et al. (1999).

We simulate the flow around bed bumps using the analytical solution for the two dimensional

flow of a linear medium sliding over a sinusoidal bed of low roughness given by Gudmundsson

(1997b). We compute the analytical solution using local slope ε = 0.5, glacier thickness h = 250

m, and wavenumber k = 1, and neglecting regelation. The obtained flow gradient are used to

generate one year of synthetic tilt curves, using the forward model of tilt evolution presented in

Gudmundsson et al. (1999). We then compute the corresponding apparent deformation rates du/dz

using Eq. (1) and compare the results with the du/dz estimated in the main manuscript.

The flow gradients are found to be strongly variable along the flow direction depending on the

position relative the to bed roughness (upside or lee side of the bump, see panel (c)). We show

that the extension and compression rates are much higher than du/dz and dw/dx in both of the

highlighted case (panels (a) and (b)) but of opposite sign. As a result, tilt change is strongly

affected by non-shearing stresses, and the inferred apparent du/dz profiles (panel (d)) are different

than the actual profiles of du/dz shown in panels (a) and (b). We note that the vertical extension
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component dw/dz is not given, since incompressibility with dv/dy = 0 makes dw/dz = −du/dx.

The modeled profile at the upslope part of the bed is qualitatively similar to the observed one,

and greatly overestimates the actual du/dz. In conclusion, the observations of the tiltmeters from

BH2#1 to BH2#6 cannot be used to directly infer du/dz because they are too much influenced by

the compressive or extensive strain-rate associated with the local stress field resulting from sliding

over a rough hard-bed.

Figure S18: Modeled flow velocity gradient and inferred apparent du/dz from synthetic tilt curves

close to a rough bed. Panels (a) and (b) show the analytical vertical profiles of the velocity gradient

at two locations of a two-dimensional sinusoidal bed which are given in panel (c). The vertical

and horizontal direction in the analytical solution, z and x, are normalized by the bed amplitude

a and wavelength L, respectively. Panel (d) compares the apparent inferred du/dz from synthetic

tilt curves (continuous blue and dashed red lines), the actual computed du/dz (dotted continuous

blue line), and the computed deformation profile in the main manuscript (starred black line, right

and top axes). The red and blue colors refer to the position at the bed in panel (c).
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