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Abstract

Fractures within ice shelves are zones of weakness, which can deform on timescales from seconds to decades. Icequakes produced
during the fracturing process show a higher b-value in the Gutenberg-Richter scaling relationship than continental earthquakes.
We investigate icequakes on the east side of rift WR4 in the Ross Ice Shelf, Antarctica. Our model suggests a maximum icequake
slip depth that is “7.8 m below rift surface, where the slip area can only grow laterally along the fracture planes. We propose
ductile deformation below this depth, potentially due to saturation of unfrozen water. We use remote sensing and geodetic tools
to quantify surface movement on different time scales and find that the majority of icequakes occurred during falling tides. The
total seismic moment is < 1% of the estimated geodetic moment during a tidal cycle. This study demonstrates the feasibility
of using seismology and geodesy to investigate ice rift zone rheology.
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Abstract

Fractures within ice shelves are zones of weakness, which can deform on timescales from
seconds to decades. Icequakes produced during the fracturing process show a higher b-value in
the Gutenberg-Richter scaling relationship than continental earthquakes. We investigate
icequakes on the east side of rift WR4 in the Ross Ice Shelf, Antarctica. Our model suggests a
maximum icequake slip depth that is ~7.8 m below rift surface, where the slip area can only
grow laterally along the fracture planes. We propose ductile deformation below this depth,
potentially due to saturation of unfrozen water. We use remote sensing and geodetic tools to
quantify surface movement on different time scales and find that the majority of icequakes
occurred during falling tides. The total seismic moment is < 1% of the estimated geodetic
moment during a tidal cycle. This study demonstrates the feasibility of using seismology and

geodesy to investigate ice rift zone rheology.

Plain Language Summary

Fractures located on ice shelves are weak compared to the rest of the ice shelf. They deform
over seconds to decades, and icequakes can be accompanied by their deformation. We find
that tides, particularly falling tides, influence the frequency of icequake occurrence the most. We
also find that small magnitude icequakes are a larger proportion of total icequakes when
compared to the proportion of small magnitude continental earthquakes in relation to total global
earthquakes. We test whether this proportion is due to the maximum depth estimated at 7.8 m
below the surface of the rift zone by using satellite imagery, Global Navigation Satellite Systems
(GNSS) measurements, and a seismometer located near a fracture on the Ross Ice Shelf. We
propose that the rift zone below 7.8 m depth behaves as ductile deformation possibly due to
saturation with unfrozen water, whereas the region above this depth is more prone to brittle

fracture that can generate icequakes.
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Key points:
1. Along the rift WR4 in the Ross Ice Shelf, evidence suggests most icequakes are driven

by falling tides than long-term rift opening.

2. The b-value of icequakes in the Gutenberg-Richter relationship is generally greater than
that for continental earthquakes.

3. We propose that the rift is water saturated ~7.8 m below the rift surface and prevents

icequakes from occurring below this depth.

1. Introduction
The Gutenberg-Richter (G-R) relationship describes a relationship between the number of
earthquakes in a region greater than a certain magnitude and that magnitude (Gutenberg and

Richter, 1956). This relationship can be represented as:

logio N = a—bMy, (1)

where a represents the number of earthquakes when the moment magnitude (Mw) =0, and b is
the slope of the scaling relationship. For instance, when b = 1, there are 10" = 10 times more
seismic events at a given magnitude than at the next lower magnitude value. On average, the b-
value of global earthquakes is ~1 (Lay and Wallace, 1995), but for slow slip events and active
volcanic regions, the b-value is close to 1.5 (Ide et al., 2007; Gomberg et al., 2016; Rundle,
1989). From global seismicity, the b-value appears to be around 1.5 for My > ~7 - 7.5 (Pacheco
et al., 1992). The break in the relationship is thought to be due to a presence of a “brittle-ductile
transition zone”, a depth which slip cannot penetrate through, and therefore the slip area can

only grow laterally.

The Ross Ice Shelf in Antarctica is the largest ice shelf on Earth (~525,000 km?; Figure 1a,b).
The ice shelf is a few hundred to over 1,000 meters thick and is moving toward the ocean with a
speed from approximately 400 to 1,090 m/yr (ITS_LIVE dataset, Gardner et al., 2019). About
170 km north from the grounding line, several rifts have been mapped within the Ross Ice Shelf
(Figure 1b; Walker et al., 2013; Walker and Gardner, 2019). Along Western Ross rift 4, or WR4,
(Figure 1b,c), the ice velocities of the landward and seaward sides of the rift are different,
causing a 10 - 50 m opening of the rift annually (Walker and Gardner, 2019). Using seismic data
collected at station DR14 near WR4 between 2014 and 2016, Olsen et al. (2021) detected

~13,000 icequakes during a 25-month period. Among these icequakes, they were able to
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determine the magnitudes for ~2,500 icequakes. Based on the timing of the icequakes, they
found a clear positive correlation between the onset of icequakes and tidally driven tensile
stress, which is consistent with previous studies in a broader region on Ross Ice Shelf (e.g.
Olinger et al., 2019; Chen et al., 2019). The G-R relationship within the rift zone shows a b-
value between 1.2 and 1.5 (Olinger et al., 2019; Olsen et al., 2021), which is greater than similar

magnitude continental earthquakes.

In this study, we investigate the higher b-value within WR4, estimate the energy required for the
long-term rift zone opening, and compare the estimate with the cumulative seismic moment
from the icequakes catalog created by Olsen et al. (2021). To accomplish this, we use both
satellite imagery and Global Navigation Satellite System (GNSS) data to measure long-term
surface strain rate and displacement during tidal cycles. We propose a maximum depth of
icequakes within WR4 and a constant slip when the magnitude is greater than a certain value.
This simple model can explain the higher b-value and predicts a reasonable slip value as well
as stress drop. This work highlights the value of combining both seismologic and geodetic

datasets for understanding Earth’s polar ice sheets as well as icy worlds.

2. Data and Methods

2.1 Seismic Data

The seismic catalog used in this study was recently published by Olsen et al. (2021). The data
was collected by a temporary seismic deployment spanning the Ross Ice Shelf during a 34-
station campaign RIS/DRRIS project between November 2014 and December 2016 (Bromirski
et al., 2015). Olsen et al. (2021) calculated the azimuth of 2,509 icequakes recorded at seismic
station DR14 using surface-wave-arrival back azimuth method proposed by Baker and Stevens
(2004). This method analyzes the polarization of recorded Rayleigh waves for back azimuth
estimation using a single seismic station. To estimate distances between seismic station DR14
and icequake epicenters we handpicked the P and Rayleigh wave arrival times for these
icequakes, then combined azimuth and distance calculations to locate this set of icequakes
(Figure 2). The local magnitude (M.) of each icequake was calculated using the maximum

absolute displacement amplitude of each event, as described in Olsen et al. (2021).

2.2 Satellite Imagery & GNSS Data
To investigate long-term velocity and deformation on the Ross Ice Shelf, we adopt the horizontal

movement and opening of WR4 estimated by Walker and Gardner (2019). We also use the
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ITS _LIVE dataset to calculate surface strain rate near WR4 (Supplementary Text S1). This is an
ice shelf surface velocity measurement based on satellite data (Gardner et al., 2019). For short-
term (diurnal) deformation, we use GNSS data to measure inter-tidal cycle displacements.
Thirteen GNSS stations were temporarily deployed on the Ross Ice Shelf between November
2015 and early 2017 (Bromirski and Gerstoft, 2017). Klein et al. (2020) processed the high-rate
(1-Hz) GNSS solutions from the 13 stations and characterized both short-term (sub-daily) and
long-term (annual) displacements. Stations DR14 and DR10 are located on each side of WR4,
with DR14 ~2 km and DR10 ~10 km away from WR4 (Figure 1b,c). DR10 has 2 years of
continuous displacement measurements, whereas there is a data gap for DR14 during the

winter season due to a lack of sunlight.

3. Results

3.1 Seismic Results

From the spatial distribution of the icequakes, there is a clear cluster of seismicity located along
a bent segment of WR4 (Figure 2a). This bent segment is ~460 m in length and ~160 m in width
(Figure S1). Although the uncertainty of icequake locations is high due to a single-station
location technique, this result strongly suggests that the majority of located icequakes in this
catalog occurred within the bend inside the rift zone. This finding is consistent with icequake

locations at WR4 calculated by Olinger et al. (2019) using a multi-station location technique.

We find a clear increase in the minimum magnitude of icequake detection with distance from
seismic station DR14 (Figure S2). For example, the minimum detection is approximately My -2
on the near side of WRA4 relative to DR14, and My -1.2 on the far side. Although the icequake
locations are not well constrained, there is a clear cluster of seismicity between 2 and 4 km
possibly coming from the rift zone (Figure 2a,b). To fully capture the G-R relationship of the rift
zone, we only consider icequakes within 4 km of distance from DR14. We also change the
minimum magnitude cutoff until the icequake population density distribution becomes uniform,
which is when My > -1 (Figure 2b). The G-R relationship from this subset of icequakes shows a
clear change of slope when My = -0.4 (Figure 2c). Using a least square fit to the curves, the b-
value is 1.1 between My -1 and -0.4, and 2.0 between My -0.4 and 0.3. We do not include Mw
0.4 in this calculation because there is only one icequake in this magnitude, which may not be
representative of the distribution. We additionally plot the icequake G-R relationship of the near-

and far-sides of WR4 and find consistent change of b-value at Mw -0.4 (Figure S3a).
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3.2 Long-term (annual) deformation

Walker and Gardner (2019) found a rift opening rate between 10 and 50 m/yr along WR4. At the
bent segment of WR4 (Figure 2a), the opening rate is ~10 m/yr. Since the width of WR4 here is
160 m, this bent segment opens ~6% per year. We calculated the principal strain rates and
dilatation rate from the strain rate tensor on 500 m spacing grid points at WR4 (Figures 3a &
S5). The result shows that the principal extension strain rate axes align perpendicular to the
strike of WR4, even along the bent segment of WR4, implying low to negligible shear motion

along the rift during long-term deformation (Figures 3a & S5).

3.3 Short-term (diurnal) deformation

GNSS stations DR10 and DR14 are collocated with the seismic stations (Bromirski et al., 2015;
Bromirski and Gerstoft, 2017). We adopt the displacement time series solutions from Klein et al.
(2020). In a 20-day time window of one GNSS station, there is up to 0.5 m vertical displacement
during diurnal tidal cycles (U-D in Figure 3b). In horizontal components, after removing the long-
term trends, we find up to 0.4 m horizontal displacements during tidal cycles (E-W and N-S in
Figure 3b). Although we are not able to directly estimate deformation within the rift, if we
assume rigid motion of the ice shelf (i.e. negligible internal deformation), the majority of the
internal deformation would occur within the rifts. We can therefore estimate the internal strain of
WRA4 near the bent segment by taking the differential displacement between DR10 and DR14,
which is similar to the approach for the Nascent Iceberg also on Ross Ice Shelf (Hurford and
Brunt, 2014). As shown in Figure 3c, the results indicate up to 0.015 m in horizontal and 0.03 m
in vertical displacements with 60-sample moving average. Note that positive displacement in the
north-south direction shows an increase in distance between the two GNSS stations during
falling tides. The majority of the icequakes (vertical lines in Figure 3c) occurred during falling

tides and is consistent with tidal patterns identified in Olsen et al. (2021).

4. Discussion

4.1 Energy budget associated with icequakes, long- and short-terms deformation

4.1.1 Seismic moment

We calculated the cumulative seismic moment based on the icequake catalog derived by Olsen
et al. (2021). The scaling between M. and Mw in Olsen et al. (2021) is based on Munafo et al.
(2016) for small earthquakes (local magnitude M, < 3):

My = ZM; +1.15. (2)
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Following this, moment magnitude (M) is related to the seismic moment (M,) (Hanks and
Kanamori, 1979):

MW = glogloMo - 6.07, (3)

where M, is in the unit of N m. Comparing Equations 2 with 3, it suggests that M, can directly
scale with seismic moment for lower magnitude events when the instrument cutoff frequency is
much lower than the corner frequency of the event (Deichmann, 2017). Although the scaling
relationship is slightly different, similar results were found in Southern California (Ross et al.,
2016; Staudenmaier et al., 2018) and Switzerland (Bethmann et al., 2011). The cumulative
seismic moment (Figure 4a) shows a significant seismic moment increase due to the largest Mw
1.5 event. If we remove the largest event for simple visual illustration, we find a clear difference
in accumulation during summer and winter, where greater seismic moment accumulation is
observed during austral wintertime (March-September). A plot of cumulative number of
icequakes with time shows a similar pattern (Figure S3b). This result is consistent with the
finding by Olinger et al. (2019) and Chen et al. (2019).

4.1.2 Long-term strain energy

To estimate the strain energy within the bent segment of the rift, we first determine the volume
of the rift and the stress within the material. From visual inspection of the icequake locations
(Figure 2a), it is reasonable to assume that the majority of the icequakes are from the bent
segment of the rift. The thickness of the Ross Ice Shelf near WR4 is estimated to be ~300 m
using shallow-ice radar echogram images (ROSETTA-Ice project; Das et al., 2020). Assuming
isostasy and the density of water = 1,030 kg/m?® and ice = 917 kg/m?, and the surface
topography of the rift zone is ~20 m below the rest of the ice shelf (from the 2 m resolution
digital elevation model [DEM] of the Worldview satellite imagery; Figure S1), the thickness of the
rift zone is estimated as ~118 m. As a result, the volume of the bent segment is estimated as
8.7x10° m®,

As described in Section 3.2, the long-term dilation rate is ~0.063/yr. The amount of stress
required to maintain this dilation rate is estimated to be ~2 x 10° Pa, using a power-law relation
between steady-state strain rate and deviatoric stress for Ross Ice Shelf (Jezek et al., 1985).

Assuming uniform strain rate within the rift, the annual strain energy is estimated as,
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U= % Vo é=88x10"Nm/yr, @

where Vis volume, ¢ is tensile stress required for the amount of strain rate, and ¢ is strain rate.
This annual accumulated strain energy is equivalent to a My -0.77 event per day (orange line in
Figure 4a). This amount of strain energy rate is clearly lower than observed seismic moment
rate (blue line in Figure 4a). The observed icequakes are unlikely triggered by the long-term

dilatation of the rift.

4.1.3 Short-term (Diurnal) tidal stress

As shown in Figure 3c, there is up to a few centimeters of displacement between stations DR10
and DR14. If we assume that deformation is within the rift, the peak vertical displacement shown
in Figure 3c within the bent segment of WR4 is ~0.03 m during falling tide. As the tidal cycle is
diurnal, which is significantly shorter than the Maxwell relaxation time of ice (~10® seconds), we
assume elastic deformation in one tidal cycle. If we also assume slip (d) is the same across the
entire rift wall, the slip area (A4) as the length of the bent segment x thickness of WR4 =~ 48,700
m?, and the shear modulus (u) of ice as 3.6 x10° Pa (Vaughan et al., 2016), the geodetic
moment (Mg,) is: Mg, = p Ad = ~5.8 X102 N m (or Mw 2.4) every falling tidal. The largest
observed icequake within the rift (Mw 0.4; Figure 2b,c) is only 0.09% of M,. This result
suggests that the seismic moment observed here only represents small but routinely fracturing

events on a small portion of the rift wall.

4.2 G-R scaling relationship of icequakes at WR4
To explore the b-value in the G-R relationship, we first discuss seismic moment and earthquake

scaling. The seismic moment (M,) is a measurement of the energy release of an event:
M,=uAd. (5)

Note Equation 5 has the same form as the geodetic moment. If u of ice is constant, My scales
with both A and d. As slip and slip area grow, d and A grow as a function of length (I) and
length-square (I?), respectively. As a result, when a length scale increases by an order for d and

A, seismic moment (M,) increases by 3 orders and My increases by a factor of two (Equation 3).
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If there is a total area (S) that allows any slip to occur within S, the probability of an event with a

certain slip area decreases with a larger event size as,
Ny == (6)

where N; is the number of events that can occur with a given slip area A;. As a result, N; and A;

are inversely proportional to each other, suggesting N; o« [~2. Relating Equations 1, 3, and 5:

logigN = a — b[g log1o(nAd) — 6.07], and therefore:

3 logigN
bo —2 28107 (7)
2 logqg Ad

Since Nix 172, Ax[?,anddxl, b=1.

Next, if there is a maximum depth (W,) from ground surface where slip cannot penetrate
through, slip area is represented as: A = W, L, where L is the lateral length scale of fault. This
implies Ax . If d < [, Equation 7 suggests that b = 0.75. Alternatively, Romanowicz and Rundle
(1993) suggested that d could be invariant (d « I°) when slip area reached W,, and therefore b =
1.5. The G-R relationship of icequakes within the bent segment of WR4 indicates two b-values
when My > -1 (Figure 2b). When My is between -1 and -0.4 the b-value is close to 1 and when
Mw > -0.4, b = 2. Although the observed b-value is greater than 1.5, this pattern indicates a
change of scaling relationship when My = -0.4 and implies that the icequake slip area reaches

the maximum depth W, when My, > -0.4.

Stress drop (40) is a change of shear stress due to a seismic event. Stress drop can be

influenced by shear modulus (u), slip area (A), and slip (d):

Ao =Cu— (8)

where C = +/5 for a rectangular slip area (Pacheco et al., 1992), and C = Z—Z for a circular slip

area (Lay and Wallace, 1995). From Equation 8, stress drop is a constant between different
magnitudes when b = 1 (i.e. Ax 12 and d « [). If slip (do) is invariant (d e« [?) and slip area scales

only with fault length (A o« [), Ao scaling becomes:
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Ao =C ”J% « 7172, (9)

This means stress drop decreases as fault length (and moment magnitude) increases.

4.3 Predicted slip and slip area of the largest event

The seismic moment of the largest icequake within the rift (M 0.4) is 5 x 10° N m. From
Equation 5 and u = 3.6 x 10° Pa, the slip and slip area product, A d = 1.4 m®. If we assume that
the largest icequake has a slip equivalent to the largest differential displacement recorded by
GNSS stations (d = 0.05 m; Figure 3c), then A = 28m?. If we also assume the largest icequake

corresponds to the slip of the entire bent segment (460 m; Figure 2a), then the width of the slip

(in vertical direction) is area divided by length: W, = % = 0.6 m. We can then estimate the stress

drop (4o) of this event, as 4c = \/5—”\% =76 MPa. This value, however, is much greater than

the tensile strength of ice estimated as 1.5 MPa, (Podolskiy and Walter, 2016), or 1.43 MPa
within the temperature range -10 to -20°C (Petrovic, 2003). As a result, the amount of slip for
this Mw 0.4 event is likely to be smaller than 0.05 m. From the G-R relationship (Figure 2b), if
we consider the change of b-value as the critical condition when slip area cannot grow deeper,
we can then assume that A¢ = 1.5 MPa at My -0.4. In this scenario, d ~ 0.0015 m and A ~ 61

m?. This suggests a 7.8 m x 7.8 m slip area.

Based on the analysis described above, we propose a depth similar to the “brittle-ductile
transition” concept for Earth’s crust. As shown in Figure 4b, for the Ross Ice Shelf this depth
indicates a maximum depth where brittle failure could occur. Assuming the thickness of ice
within the rift zone is ~118 m, as estimated in Section 4.1.2, this maximum brittle deformation
depth is ~6.6% of the rift. This also suggests that the fault length of the largest M 0.4 icequake
within the rift has a fault length of ~120 m with stress drop = 0.39 MPa.

Here we discuss potential explanations of this maximum slip depth. Although the permeability of
ice is low (e.g. Petrovic, 2003), the porosity of the rift zone could be higher than the ice sheet
due to the continuous rift opening (~0.063 per year). We then assume the rift zone is water
saturated below sea level. By assuming isostasy, thickness of WR4 as 118 m, and the density
contrast between water and ice, the depth to saturation is ~6.1 m below the rift surface, or ~5.6

m if the porosity of WR4 is 10%. This depth is shallower than the proposed brittle-ductile
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transition, but within the same order of magnitude. As air temperature is lower during wintertime,
the unfrozen water level may be deeper at that time. This would imply a deeper brittle-ductile
transition and allow for higher seismic production during winter months, as documented by
Olinger et al. (2019) and observed within the catalog of icequakes examined here (Figures 4a &
S3b).

4.4 Limitation of the analysis and future directions

High-resolution study of this rift is currently limited by instrumentation (single seismometer
located ~5 km of WR4) as well as a shorter observation period. The seismic record examined
here may not be of sufficient duration to capture a statistically representative number of higher-
magnitude icequakes. Future deployment of additional seismic stations on the flanks of WR4
would enable higher-accuracy icequake locations, and calculation of focal mechanisms for
larger icequakes. It would also allow for seismic verification of a maximum slip depth. Future
work including higher density seismic and GNSS station deployments will significantly increase
the detection level of icequakes, and we may even be able to measure surface displacement
associated with larger icequakes. For example, we predict millimeter-level slip when the
icequake My > -0.4. With high-rate GNSS stations deployed on both sides of the rift, they might

detect mm-levels of seismic slip as well as the sense of motion.

5. Conclusions

We suggest that icequakes within WR4 are due to slip during diurnal falling tides. By using a
combined seismic and geodetic dataset, we observe icequakes located within a bent segment
of rift WR4 on the Ross Ice Shelf, Antarctica. An increase in the number of icequakes and
cumulative seismic moment in winters implies more slip area available for icequake generation
due to colder temperature within the shallower part of the rift zone. Long-term strain energy due
to rift opening alone cannot explain the cumulative seismic moment of the icequakes. On the
other hand, diurnal tidal stress can provide a sufficient amount of energy to generate icequakes.
From the G-R relationship, we find a b-value greater than continental earthquakes. We adopt a
simple scaling relationship to explain this high b-value, which suggests an existence of a
maximum slip depth that is ~7.8 m below the rift surface. The proposed maximum slip is about
10% of the observed inter-tidal displacement between GNSS stations located on both sides of
WR4, and the maximum slip depth is approximately the same length scale as the estimated

water saturation depth of WR4.

10
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Figure 1. Study area. (a) View of Antarctica with the Antarctic Polar projection. The dashed
polygon is the Ross Ice Shelf (Google Earth image) (b) North part of the Ross Ice Shelf. The
light blue regions are the 3 major rift zones, WR2, WR4, and WR6. The yellow triangles in b and
¢ are collocated broadband seismic and GNSS stations. The red rectangle marks the location of
WR4 shown in ¢. (¢) The red rectangle near DR14 is the figure outline of Figure 2a. The images
in b and ¢ are from MODIS.

15



446
447

448
449
450
451
452
453
454

a b M,, vs distance c G-R relationship

1 104
05 - Full datasef]
’ 08 = ® Within rift
0 3
§
205 06 =
4 2102
0.4 :_‘:3
15 E
p=l
2 02 ©O
25 0
0 2 4 6 107, -1 0 1

Distance from DR14 (km) M,

Figure 2. Seismicity and seismic scaling in WR4. (a) Seismicity on the east side of WR4 where
the bent segment is located (location see Figure 1c). (b) Moment magnitude (Mw) vs distance.
The grey dots denote the full icequake dataset examined in this paper. The colored dots denote
icequakes within 4 km in distance from station DR14 and Mw > -1. The colorsina and b
represent the normalized population density of icequakes. (¢) Gutenberg-Richter (G-R)
relationship of the icequakes. The blue curve is the full dataset, whereas the red circles are the
colored events in b. The purple and orange lines represent the least square fits to the G-R

relation when My is smaller and greater than -0.4, respectively.
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Figure 3. Surface deformation. (a) Principal strain rates calculated from long-term surface
horizontal velocities (Figure S2). The direction of the bars indicate the principal axes
orientations. (b) Surface displacement time series recorded from GNSS station DR10 (location
see Figure 1b,c). E-W, N-S, and U-D represent east-west, north-south, and vertical
displacements, respectively. Note the long-term horizontal displacement trends are removed.
(c) Differential displacement time series between stations DR10 and DR14 (DR10 relative to
DR14). The grey and red colors are the raw measurements and after 60-sample moving

average, respectively. The blue vertical lines in b and ¢ indicate individual icequake events.
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Figure 4. (a) Cumulative icequake seismic (red and blue) moment and the strain energy due to
long-term rift opening (yellow). (b) Conceptual model of the icequake scaling. For smaller
events, slip area grows with length square (I?), but the slip area cannot grow past W,, the brittle-
ductile transition at ~7.8 m depth. Slip area grows laterally with a length scale (1) for events with

magnitude My > -0.4.
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Supplementary Materials

Text S1. Estimation of surface strain rates using ITS_LIVE dataset

We download the dataset from the ITS_LIVE website (https://its-live.jpl.nasa.gov/). This data
product includes horizontal velocities and their uncertainty estimates between 2015 and 2020.
The original product is in geotif format, and the pixel size is about 450 m x 450 m. Figure S2
shows the velocities across WR4. We downsample the image to 2,700 m x 2,700 m pixel size
using QGIS for the strain rate analysis. For strain rate, we first set a grid point array every 500
m in east-west and north-south directions, and then compute a 2 x 2 deformation tensor
constrained from nearby velocity estimates, and then estimate the principal strain rate axes

orientation and magnitude, respectively.

Although the ITS_LIVE product is based on multiple years of measurement, the data is still
noisy when looking at a smaller spatial scale (e.g. sub-km). There are also additional double-rift
features (most clear in the east-west component of Figure S2) that could be due to artifacts in
image processing (C. Walker, personal communication). We try to reduce the data noise by
considering velocity measurement from nearby pixels. We first estimate a mean velocity of the
grid point from taking velocity estimates of the 8 neighboring pixels. We use a weighted least
squares method with a linear equation to represent the mean velocity (in both east-west and
north-south components) with the inverse of velocity uncertainty estimate, which is part of the

original data products, for weighting.

To construct the 2 x 2 deformation tensor, we take the mean velocity of each grid point and
estimate the relative velocity between grids and their distance:
é — [‘T.:xx ‘.éxy] —
Eyx  Eyy
. 1 . .
Exx (Sxy + ny )] [ > (Sxy - ny)

1 . . .
2 (syx + Exy) -5 (Exy - ny) 0

avg . _dvy . _ 9vg . vy o
o &y = P Exy = o and &, = " Vg and Vy represent velocity in east-west

where &, =
and north-south, respectively. The first part of the right-hand side is the strain rate tensor, and
the second part is the rotation rate tensor. We then calculate the eigenvalues and eigenvectors
of the strain tensor for each grid point. The eigenvectors and eigenvalues correspond to the
principal strain rate axes orientation and magnitude, respectively. The result of the principal

strain rate is shown in Figure 3a, where red and blue represent contraction and extension rate,



52  respectively. Figure S3 shows the principal strain rate, dilatation rate, and shear rate (projected
53  to N5°W) of WRA4.
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57  Figure $1. 2m resolution DEM and a rift-perpendicular elevation cross section from WorldView-
58 2 satellite imagery. Color scale shows elevation in meters.
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Figure S2. (a) Distance versus moment magnitude (M) plot. The color represents the icequake

population density. The majority of the icequake are between 2 and 4 km distance from station

DR14. (b) Map view of seismicity color coded with moment magnitude (Mw).
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Figure S3. (a) Gutenberg-Richter relationship of all events (grey), WR4 (red), near- (yellow) and
far- (purple) sides of WR4. The numbers in the legend represent number of icequakes. The
vertical dashed line indicates Mw -0.4, where a change of slope (b-value) occurs. (b) Cumulative
number of icequakes during observational period. There is higher seismicity production during
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Figure S5. Strain rate along the full extent of WR4. (a) The blue and red

extension and contraction rates, respectively, and the direction of the bars indicate the principal

axes orientations. The background image is from Sentinel-2 imagery. (b)

blue and red colors represent extension and contraction, respectively. (¢) Shear rate projected

bars represent

Dilatation rate. The

to N5°E, which represents the amount of shear motion along the east side of WR4.



