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Key Points:

e Through numerical simulations we analyze the velocities of seismic P and S waves in
temperate ice undergoing dynamic recrystallization

e The highest P wave velocity aligns with the maximum c-axis orientation in pure ice
samples, while it does not align when enough water is present

e If water is at high pressure, at the ice-sheet base, the reduction of the S wave velocity is
remarkably stronger than that of the P wave
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Abstract

We present a series of simple shear numerical simulations of dynamic recrystallization of two-
phase non-linear viscous materials that represent temperate ice. Firstly, we investigate the effect
of the presence of water on the resulting microstructures and, secondly, how water influences on
P-wave (V)) and fast S-wave (V;) velocities. Regardless the water percentage, all simulations
evolve from a random fabric to a vertical single maximum. For a purely solid aggregate, the
highest V), quickly aligns with the maximum c-axis orientation. At the same time, the maximum
c-axis development reduces V; in this orientation. When water is present, the developed
maximum c-axis orientation is less intense, which results in lower V), and V. At high percentage
of water, V), does not align with the maximum c-axis orientation. If the bulk modulus of ice is
assumed for the water phase (i.e., implying that water is at high pressure), we find a remarkable
decrease of V; while V), remains close to the value for purely solid ice. These results suggest that
the decrease in Vs observed at the base of the ice sheets could be explained by the presence of
water at elevated pressure, which would reside in isolated pockets at grain triple junctions. Under
these conditions water would not favor sliding between ice grains. However, if we consider that
deformation dominates over recrystallization water pockets get continuously stretched, allowing
water films to be located at grain boundaries. This configuration would modify and even
overprint the maximum c-axis-dependent orientation and the magnitude of seismic anisotropy.

1 Introduction

The ice mass balances of the Antarctic and Greenland ice sheets represent the largest
uncertainty for the prediction of future sea-level rise (e.g., IPCC, 2019; Kopp et al., 2017). The
mass balance is determined by the ratio between the snow accumulation on the ice sheets and the
removal of ice by processes at the ice-sheet margins, such as melting or discharge into the sea.
Understanding how ice flows from the accumulation zone to the margins is therefore crucial to
correctly estimating potential mass changes of the polar ice sheets (Rignot, 2006; Hanna et al.,
2019). Based on ice rheology studies and glacier motion observations it is generally assumed that
flow of large masses of ice mainly depends on two mechanisms: (i) the internal deformation by
dislocation creep of the ice crystals (Cuffey and Paterson, 2010) and (ii) sliding at the ice-sheet
bedrock interface, which takes place only where the ice bed is at the pressure melting point and
therefore liquid water is present in the system (Rignot & Mouginot, 2012; Wolovick et al., 2014;
Bons et al. 2018).

Ice sheets on Earth are composed of the mineral ice Ih, which is ductile (Glen, 1955;
Duval et al., 1983; Weertman, 1983), i.e., deforms by crystal-plastic process at the near melting-
point temperatures (usually >240 K in Greenland and >225K in Antarctica; Thorsteinsson et al.,
1997, Price et al., 2002) and differential stresses typically on the order of 0.1 MPa or less
(Cuffey & Paterson, 2010; Rignot & Mouginot, 2012; Bons et al., 2018) in these ice sheets.
Precipitation on the surface induces a vertical flattening at the upper levels of ice sheets. At
greater depth, the deformation changes towards bedrock-parallel flow, called simple shearing, as
the shear stress increases from zero at the surface to a maximum at the base of the ice sheet
(Hooke & Hudleston, 1978; Budd & Jacka, 1989; Hudleston, 2015). Most of the lateral flow of
ice towards the margins is thus controlled by simple shear near the base of ice sheets and by
sliding at the base, where the ice is not frozen to the bedrock. Estimates of the proportion of ice
that is frozen to the bedrock vary considerably (see e.g., MacGregor et al., 2016; Bons et al.
2018).



Ice Th has a hexagonal symmetry with a strong mechanical anisotropy due to easy
dislocation glide on the basal plane (i.e., plane normal to the c-axis), which requires a stress 60
times lower than that for gliding on other slip systems at the same strain rate (Duval et al. 1983).
The easy glide of dislocations through the ice crystal’s basal plane results in a progressive
development of a crystallographic preferred orientation (CPO), or lattice preferred orientation
(LPO). In the geomaterials community CPO is also called fabric, while in the metals community
is termed crystallographic texture. A CPO is defined as the statistically preferred orientation of
the crystal lattices of a population of grains (Faria et al., 2014). It is characterized by a vertical c-
axis maximum of the ice polycrystalline aggregate during horizontal shear deformation (Faria et
al., 2009; Castelnau et al., 1996; Durand et al., 2009; Llorens et al., 2016a). Therefore, crystal’s
basal slip is favored at the base of ice sheets (Azuma & Goto-Azuma, 1996; Castelnau et al.,
1996; Llorens et al., 2016b; Faria et al., 2014), where it enhances bedrock-parallel shearing.

Shear localization at the base of the ice sheet is enhanced by the softening of ice here due
to the geothermal heat flow (Dahl-Jensen et al., 1998). The effect of heating increases at high
temperature because the activation energy for ice deformation increases significantly towards its
melting point (Barnes et al., 1971; Souchez et al., 1993; Goldsby & Kohlstedt, 2001; Kuiper et
al., 2020) and because of the potential presence of water (Gudlaugsson et al., 2016). In temperate
glaciers, where liquid water coexists with glacier ice, a melt content of 1% implies an increase in
the effective strain rate by a factor of three (Duval, 1977; Lliboutry & Duval, 1985).

Microstructural studies of ice cores from Antarctica and Greenland indicate that a
significant grain size increase and/or crystallographic preferred orientation change occur in basal
sections where T>262 K. This is interpreted as the onset of faster kinetics associated with
premelting (Gow & Williams, 1976; Gow & Engelhardt, 2000; NEEM community members,
2013; Weikusat et al., 2017). Ice near the bedrock was found frozen to the bed at the GISP2 and
GRIP ice cores. But for the Byrd, EDC, EDML, NEEM and Siple Dome cores the ice was found
at, or very close to, the pressure-melting point (Kuiper et al., 2020). In three of these ice cores -
Byrd (Gow & Williamson, 1976), EDC (EPICA community members, 2004) and EDML
(Wilhelms et al., 2014; Weikusat et al., 2017) - subglacial water was encountered close to the
bedrock. However, the study of temperate (7~T i) ice is challenging, as current ice core drilling
techniques are not suitable to sample this partially molten ice properly. Moreover, experiments
are hard to perform in laboratories, and a only few deformation experiments using ice samples at
high temperature (>-5°C) have been carried out to date (Kamb, 1972, Duval, 1977; Wilson &
Russell-Head, 1982). Numerical modelling allows us to go beyond these limitations, as
simulations can be utilized to systematically study polycrystalline aggregates that include
different percentages of a second phase, such as water (Llorens et al., 2019).

The elastic properties of single ice crystals are anisotropic with a symmetry axis parallel
to the crystal c-axis (Gammon et al., 1983), called transverse isotropy (TI). Polycrystalline ice
with no crystallographic preferred orientation exhibits no elastic anisotropy. However, with
increasing depth, the elastic anisotropy of polycrystalline ice gradually increases due the
development of a CPO as a consequence of crystal rotations associated with dislocation creep,
and possibly recrystallization, with the c-axis maximum density oriented in the vertical direction
(Gillet-Chaulet et al., 2005). Towards the deeper part of the ice sheet, the elastic anisotropy is
strongest, and is called vertically symmetric transverse isotropy (VTI). Seismic data are therefore
extremely useful for the evaluation of ice flow. The degree of seismic anisotropy and the P-wave



velocity (V) can be considered as a proxy for the crystal orientation (Diez et al., 2015b; Kerch et
al., 2018), while the shear-wave velocity (V5) is considered a proxy for the shear stiffness.

Seismic estimations from synthetic modeling of the PRFs (P receiver functions) of V), and
Vs in Antarctic and Greenland ice sheets reveal a strong decrease of ~25% of Vs in the lower third
part of the ice sheet, while V), remains approximately constant (Wittlinger & Farra, 2012). The
zone with a drastic V§ decrease corresponds to the basal "radio-echo free zone", where large-
scale disturbances (Drews et al., 2009; Bons et al., 2016) and strong CPOs are found (Eisen et
al., 2007; Weikusat et al., 2017). According to Wittlinger & Farra (2015), the low Vs may be due
to the presence of water resulting from pre-melting at grain joints and/or melting of chemical
solutions buried in ice. The presence of low percentages of melt (<5%) in ice masses has also
been suggested based on variations in radio-wave velocities (Macheret et al., 1993; Murray et al.,
2000).

Experimental studies performed on rocks, as for example in water saturated and cracked
rocks (e.g., O’Connell & Budiansky, 1974) or granitic rocks including silicate melt and water
(e.g., Watanabe, 1993), shown that seismic velocities depend on both the CPO and the water
content. No systematic experimental studies have been carried out using temperate ice, and
theoretical models based on the effective medium approach (Endres et al., 2009) are used to
predict the amount of water inclusions and/or veins within solid ice. To the authors knowledge,
no studies of the effect of water in polar ice on seismic velocities during ice-sheet flow (or
deformation) have been performed so far.

We investigate the variation of seismic velocities during deformation of temperate ice by
means of microdynamic numerical simulations. Deformation is assumed to be simple shear, as
that is the dominant flow regime in lower parts of ice sheets, because there ice flows parallel to
the bedrock (Montagnat et al., 2014). Temperate ice is simulated as a two-phase non-linear
viscous aggregate constituted by a solid phase (ice polycrystals) and a liquid phase (water) in
two dimensions. The viscoplastic full-field numerical approach (VPFFT) (Lebensohn, 2001;
Lebensohn et al., 2008) is used to calculate the mechanical response of the two-phase aggregate,
in which intracrystalline deformation is assumed to be accommodated by dislocation glide.
These simulations couple viscoplastic deformation with dynamic recrystallization processes, in
order to simulate deep ice-sheet conditions (characterized by high temperature and simple shear
deformation).

The equilibrium distribution of melt in an aggregate is controlled by the dihedral angle
(w) (Rosenberg, 2001). However, the shape of solid grains and melt pockets can be constantly
modified by recrystallization processes (Walte et al., 2003). To include this effect, viscoplastic
deformation is coupled with dynamic recrystallization (DRX) processes, including grain
boundary migration, intracrystalline recovery and polygonization (Steinbach et al., 2016; Llorens
et al., 2017), all driven by the reduction of surface and strain energies. Therefore, the numerical
approach allows the simulation of the evolution of the CPO and water pocket distribution during
ductile deformation of a polycrystalline aggregate. From these results, we calculate the evolution
of ¥, and V5 as a function of orientation during deformation. We simulate aggregates with
different water fractions, in order to understand their effect on the resulting microstructures of
the deforming ice and water aggregate.



2 Methods, experimental setup and postprocessing

The microstructural evolution of ice aggregates including a water phase is simulated
using the numerical simulation platform ELLE (http://www.elle.ws; Jessell et al., 2001; Bons et
al., 2008; Piazolo et al., 2019). The numerical approach is based on the coupling of a full-field
viscoplastic code using the Fast Fourier Transform algorithm (VPFFT; Lebensohn, 2001;
Lebensohn et al., 2008; Lebensohn & Rollett, 2020) and different ELLE modules that simulate
DRX. The VPFFT formulation provides a solution of the micromechanical problem by finding a
strain rate and stress field that minimize the average local work rate under the compatibility and
equilibrium constraints. The estimated geometrically necessary dislocation (GND) densities and
deformation-induced lattice rotations are calculated integrating in time the velocity gradient
fields provided by VPFFT. Both are used to simulate dynamic recrystallization by grain
boundary migration (GBM), intracrystalline recovery and polygonization. GBM is simulated
using a front-tracking approach based on a modification of the algorithm by Becker et al. (2008)
(also see Roessiger et al., 2014, Steinbach et al., 2016 and Llorens et al., 2016a). The GBM
module reproduces the motion or displacement of high-angle grain boundaries (HAGB) (Karato,
2012) driven by the reduction of the stored strain energy and grain boundary energy. The
displacement of the boundaries is carried out following the direction of maximum energy
reduction and depending on the grain-boundary mobility, in a way that the work done equals the
change in the local energy state (see Becker et al., 2008). Dislocation densities are set to zero in
regions swept by grain boundaries. Steinbach et al. (2016) provides a detailed description of the
two-phase GBM module. Recovery reduces the intra-granular stored energy in a deformed
crystal, simulating annihilation of dislocations and their rearrangement into low-angle subgrains
(Urai et al. 1986; Borthwick et al, 2014). Llorens et al. (2016a) and Gomez-Rivas et al. (2017)
provide a complete description of the intra-crystalline recovery module. The polygonization
module simulates the nucleation of new high-angle grain boundaries (HAGB) in highly
deformed grains. An extended description of the polygonization module can be found in Llorens
et al. (2017). The most relevant studies performed in ELLE for the presented contribution are the
microstructural evolution of ice including air bubbles in static (Roessiger et al., 2014) and
dynamic conditions (Steinbach et al., 2016), the effect of dynamic recrystallization on the
microstructural evolution of polycrystalline ice (Llorens et al., 2016a, 2016b, 2017; Steinbach et
al., 2016) and rocksalt (Gomez-Rivas et al. 2017) aggregates, as well as partially molten rocks
(Llorens et al., 2019).

The data structure is defined by a set of polygons (called flynns) in a two-dimensional
section of the modelled microstructure of ice polycrystals and water pockets. Flynns are defined
by boundary nodes (bnodes) which are connected by straight boundary segments (see Fig. 1b in
Llorens et a., 2019). Three types of boundaries are present in the modelled material: (i) ice-ice,
(1) ice-water and (iii) water-water. The magnitude of the mobility of the ice-water boundary is
much less constrained, for which reason we consider here that its mobility is equal to the
mobility of an ice-ice boundary (0.023 m*J!'s’!; Nasello et al., 2005). To achieve the relatively
low dihedral angle (@) observed for ice-water equilibrium of @ =30° (Ketcham & Hobbs, 1969),
we assume a surface energy for ice-water boundaries of 0.034 Jm™ (see eq.2 in Llorens et al.,
2019) and for ice-ice boundaries of 0.065 Jm™ (Ketcham and Hobbs, 1969). Artificial water-
water boundaries do occur in the models in order to maintain the polygon topology but have no
physical meaning and therefore no effect on the microstructural evolution. For this reason, the
water-water boundaries are not displayed in the figures. At the considered representative volume
element of the modelled microstructure the surface forces strongly dominate over the gravity
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force, and therefore no gravity is included in this simulation approach (Piazolo et al., 2019 and
references therein).

The microstructure is discretized in a regular mesh of 256 x 256 unconnected nodes
(unodes or Fourier points), resulting in a unit cell defined by 65,536 nodes. Each unode
represents a small area or crystallite used for storing the crystal orientation, strain rate, local
stress and dislocation density (see Fig. 1c in Llorens et al., 2019). Crystal orientations are
defined by the three Euler angles following the Bunge convention. Note that the water phase in
the VPFFT numerical setup was also treated as an effectively isotropic non-linear viscous
material, with a stiffness close to zero, so that its properties approximate those of a non-
crystalline liquid (see Llorens et al., 2019). An increment of the spatial resolution of the unodes
provides more degrees of freedom to adjust local gradients, improving the resolution of
intracrystalline heterogeneities. A higher resolution produces similar grain and subgrain sizes,
but with better defined boundaries (see Fig. 12 in Llorens et al., 2016a). However, more
importantly, the increment of resolution does not affect on the intensity and orientation of the
developed CPO, resulting in a prediction of a very similar seismic velocities. A comparison
between simulations discretized in 128, 256 and 512 unodes would shift the absolute values of
predicted V), by -0.26% to +0.1% and ¥ by -0.05% to +0.05%

In order to link the development of a CPO with the arising seismic anisotropy,
simulations start with a random lattice orientation of ice polycrystals, representing a bulk
isotropic material. The M-index, which indicates the strength of the c-axis orientation density
distribution, is less than 0.007 for the three simulations presented, where zero indicates a random
lattice orientation and one a single crystal orientation (Skemer et al., 2005).

At the equilibrium melting point water in polycrystalline ice can be located in films at the
interface between two grains, in tubes at the intersection of three grains or in tetrahedral pockets
at the intersection of four grains, depending on the assumed dihedral angle (Hobbs & Ketcham,
1974). At the assumed o =~ 30° water would be located in triangular tubes at three-grain
intersections (von Bargen & Waff, 1986; Walte et al., 2003). The equivalent of such tubes in our
two-dimensional models with low water fractions of ¢ = 0%, 5% and 15% are concave triangular
water pockets on grain triple junctions (Fig.1a). The water percentages used are higher than the
percentages estimated in nature (<5%) (Benjumea et al., 2003; Navarro et al., 2005; Murray et
al., 2007). This is to correct for stereological effects by which high-¢ simulations in 2D
correspond to lower-¢ cases in 3D. Unfortunately, a simple conversion cannot be provided owing
to stereological complications that arise when water pockets become stretched and distorted. A
similar stereological issue will be encountered again below in the calculation of seismic
velocities.

In our simulations the strain rate €;; at each unode position (x) in the mesh corresponds to
the sum of the product between the shear strain rates (y*) and the Schmid tensor (mis]-) of the
three defined slip systems (s): pyramidal, prismatic and basal,

& (x) = X3 mi; )y ° (x) (1)

The shear strain rate is related to the deviatoric stress (ai’j) by

|mfj(x)o{]-(x)|

7 (x) =70 (‘L’S—(X)> x sign (mf;(x)o{;(x)) (2)



where 779 is the critical resolved shear stress (CRSS) required for the activation of the slip
system, ¥ is a reference strain-rate and # is the stress exponent. The anisotropy (4) of every
phase is defined by the ratio between the CRSS of the non basal vs basal slip system:

A= Tnon basal (3)

Thasal

For the solid phase (ice) 4 was set to 60 and a value of stress exponent n=3 was chosen for all
slip systems (see Llorens et al., 2017). For the water phase the CRSS was defined 100 times
lower than that assumed for the ice basal slip system.

Each process in ELLE is applied sequentially in a loop that represents a small time
increment (A?) (Bons et al., 2008). A dextral shear strain increment () of 0.02 parallel to the
horizontal shear plane is applied first. Each simulation step comprised 10 recrystallization steps
per deformation step and equalled a total time step of 3.15x10° s, resulting in a shear strain rate
of ~6 x1071? 5”1, Each simulation reached a finite shear strain of up to 8. This operator splitting
approach avoids issues with the order in which the recrystallization processes are applied and
increases the stability of the numerical solution (see Llorens et al., 2016a, 2016b, 2017 and
2019). As the size of the model is 10x10 cm, the simulations performed are located in the
transition between the deformation- and the recrystallization-controlled regime (see Llorens et
al., 2019). This value of strain rate is coherent with those estimated for the base of the GRIP,
NGRIP and NEEM ice cores, where the shear strain rate is in order of 10!%s"! (Montagnat et al.,
2014). A variation in the DRX rate (i.e., strain rate) is not considered in this contribution. Using
the ELLE-VPFFT simulation approach Llorens et al. (2019) provides a description of the effect
of DRX on the microstructure of partially molten rocks and the corresponding strain rates.

As both VPFFT and ELLE use periodic boundaries, the model is repositioned into the
square grid after every time step of dextral shear strain, facilitating the visualization of the
microstructure at very high strain (Jessell et al., 2009; Llorens et al., 2013a; 2013b). We use the
three Euler angles stored at every unode of the model for the representation of the
crystallographic preferred orientation, shown as pole figures and EBSD maps and the calculation
of the M-index. These data are plotted using the texture analysis software MTEX (https://mtex-
toolbox.github.io; Mainprice et al., 2015) from the orientation distribution function (ODF),
which represents the volume fraction of unodes with a certain orientation.

Seismic wave velocities (P-wave and faster S-wave) and their anisotropy are calculated
from single-crystal stiffness and the three Euler angles using the AEH-EBSD Analysis Toolbox
(https://umaine.edu/mecheng/vel/software/esp_toolbox/; Naus-Thijseen, 2011; Vel et al., 2016).
The Asymptotic Expansion Homogenization (AEH) method allows the effect of the two-phase
distribution on the seismic waves to be investigated. This method discretizes the model in a finite
element (FE) mesh and explicitly accounts for the microstructural contribution of the different
phases for the bulk elastic stiffness and average density of the aggregate, computing the elastic
interactions between different phases. In this method the seismic velocities are calculated from
single crystal stiffness, density and the three Euler angles stored at every unode of the model that
represent the CPO. Previous studies have predicted the seismic velocities from sample-measured
CPO in mantle and crustal rocks (Erdman et al., 2013; Llana-Funez et al., 2009; Zhong et al.,
2014). In Zhong et al. (2014) the predicted seismic velocities are also compared with laboratory
measurements, testifying that the CPO is the dominant factor controlling seismic anisotropy.
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We use the stiffness for a single ice crystal (p=0.920 g/cm?) at -30°C and -1°C (p=0.916
g/cm?) according to Dantl (1968), where the elastic moduli of ice in a complete range of
temperatures from -140°C to 0°C are calculated . Using the elastic constants reported by
Gammon et al. (1983), Bass et al. (1957) and Green and McKinnon (1956) would shift the
absolute values of predicted V), by -2.6% to +0.9% and Vs by +0.5% to 3%, all considered along
the maximum c-axis direction. However, more importantly, the anisotropy and trends in V), and
Vs values with increasing strain are not affected.

For the prediction of the seismic wave velocities from the water-ice aggregate, we
assume that the water phase is an isotropic elastic solid with Poisson’s ratio very close to 0.5
(i.e., 0.4999) and a density of p=0.998 g/cm?>. Note that with this assumption the water phase is
almost incompressible with a shear modulus 10 times the bulk modulus of water (K=2.3 GPa;
Yoon & Cowin, 2009).

3 Results

3.1 Microstructure and CPO evolution

The models presented here were run with three different water fractions of ¢ = 0%, 5%
and 15% (=0 in Fig. 1). By comparing them we can observe the microstructural and crystal
orientation evolution as a function of the water fraction. For a purely solid aggregate (¢ = 0%)
deformation is localized in high-strain bands of small grains almost parallel to the shear plane,
separated by low-strain areas of elongated, larger grains obliquely oriented to the shear plane. A
grain size reduction due to polygonization is observed in the high-strain bands (see ¢ = 0% at y
=8 in Fig. 1). The presence of water decreases the formation of high-strain bands, because water
accommodates part of the deformation. At low water percentage (¢ = 5%) bands with elongated
grains and grain size reduction are still recognizable (Fig. 1). However, when the water
percentage is higher (¢ = 15%) high-strain bands are not observed in the grain boundary network
(see p=15% at y=8 in Fig. 1).

The intensity of DRX applied in the simulations allows water pockets to retain their
concave shape, which in turn results in merging of the initial water pockets and forming larger
pockets. The formation of large water pockets is clearly observed when the water fraction is high
(¢ =15%) (Fig. 1).
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Figure 1. Grain boundary networks of simulations with the three percentages of water ¢=0% (a),
5% (b) and 15% (c) at the different stages of deformation (=0, 2 and 8). Water inclusions are



shown in black and grain boundaries in light grey. Corresponding distribution of the V), and Vs in
the simulated 2D plane (xy) at =0, 2 and 8, for each simulation. The maximum c-axis density at
different y are indicated in the graph. Grain elongation at the final stage ()=8) is shown in the
graph. A temperature of -1°C (solid line) is considered for the elastic moduli of the partially
molten ice simulations (b and c¢). Notice that the influence of temperature on V), and V
predictions is shown in (a), where a comparison between predictions for the pure ice simulation
(¢ =0%) assuming a temperature of -1°C and -30°C is shown.

Inverse pole figure maps and pole figures of lattice orientations during deformation are
shown in Figure 2. Regardless of the water percentage, all simulations evolve from a random
fabric to a c-axis maximum density distribution approximately perpendicular to the shear plane.
For all simulations, the c-axis maximum is well developed by a shear strain of y=2, as shown by
the pattern of c-axes on the pole figures in Fig. 2b. The strength of the maximum c-axis density
distribution increases from y=2 to y=8 (Fig. 2c-d) as shown by the misorientation index (M-
index; Skemer et al., 2005) (Fig. 4c). However, when water is present the developed c-axis
maximum is less intense than for the pure ice simulation (Fig. 2 Columns II and III), followed by
a weaker alignment of the a-axes and m-planes. This observed weakening of the ice CPO
increases with water content, consistent with the water phase carrying a higher proportion of the
applied strain as its volume fraction increases.

3.2 Calculation of seismic velocity anisotropy with the AEH method

We use the Asymptotic Expansion Homogenization (AEH) method with Voight
homogeneization at the finite element level to obtain theoretical predictions of P-wave (7)) and
S-wave (V) velocities and their anisotropy for the deformed microstructures at different steps of
shear strain, up to =8 (Fig. 1). The corresponding seismic anisotropy is calculated as
AV=[(Vmax-Vmin)/((Vmax+Vmin)/2)]x100. In order to take into account the temperature
sensitivity of elastic waves in ice (Kohnen, 1974), we assume a temperature of -30°C for the pure
ice aggregate, and -1°C for the aggregates containing ice and water (¢ = 5% and 15%). For these
AEH predictions, the elastic constants of ice at these temperatures are taken from Dantl (1968).

For a purely solid aggregate (¢ = 0%) the direction of maximum value of V), is always
aligned with the maximum c-axis, which is oriented at low angle o (<20°) with respect to the
vertical or y direction (see column a in Fig. 1). A second maximum of V), is located at 90° with
respect to the orientation of the maximum c-axis. With progressive deformation the strength of
the maximum c-axis density distribution increases and, consequently, V), is increased (Fig. 1). At
the same time, this strengthening reduces Vs in the orientation of the maximum c-axis (Fig. 1).
Anellipticity phenomena are observed, where the maximum Vj is located at 45° with respect to
the maximum V), (Sayers, 2018).

When a low percentage of water is present (¢=5%) the maximum V), and minimum V;
directions are parallel to the maximum c-axis orientation (see columns b and ¢ in Fig. 1), similar
to the purely solid case. However, as the developed maximum c-axis is less intense, both the V),
and V are lower than in the purely solid case. At high percentage of water (¢=15%) both V), and
Vs are considerably reduced. The maximum ¥, and minimum V; are not aligned with the
maximum c-axis, but follow the orientation of the grain elongation (see red line for the ¢=15%
simulation in Fig. 1). In this case the V), and V; orientation cannot be used as a proxy to predict
the maximum c-axis.
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Due to geothermal heat flux, ice is generally warmer in the lower parts than in the upper
parts of ice sheets. To show the effect of temperature on the purely solid aggregate (¢ = 0%),

Column a in Figure 1 includes the seismic velocities predicted considering a temperature of -1°C
and -30°C.

| Pole figures 1l 1]

C-axis orientation map (ODF)
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Figure 2. (a) C-axis orientation map of the undeformed starting ice microstructure. The inverse
pole figure (IPF) color-code indicates the lattice orientation with respect to the y- direction. The
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corresponding pole figure projections indicate the orientation density (ODF) of the c-axis
(<0001>), a-axis (<11<20>) and m- axis (<10-10>). Evolution of the simulations at a shear strain
of (b) =2, (¢) y=4 and (d) y=8. Columns I, II and III show the three percentages of water (¢)
considered in this study, 0%, 5% and 15%, initially nucleated at triple grain junctions. Water
inclusions are shown in black and grain boundaries in light grey.

a)V, b) V. ¢) maximum c-axis strength
1002 Y (b) Vs 062 g
® $=0% ® $=0% $=0%
m¢=5% $=5% .
A $=15% A¢=15%. °
9
$50
< ° n L
. . ° q .
A " 2 A 4
¢ = A
0.08 v
0 2 4 6 8 0 2 4 6
shear strain () shear strain () shear strain ()

Figure 3. Magnitude (%) of (a) V), and (b) Vs anisotropy, calculated as AV=[(Vmax
Vmin)/((Vmax+Vmin)/2)]x100, for all simulations performed. (¢) Evolution of the maximum c-
axis orientation density distribution strength shown as the misorientation index (M-index;
Skemer et al., 2005), where zero represents a random fabric and one a single crystal fabric. A
temperature of -30°C is considered for the elastic moduli (Dantl, 1968) of the pure ice simulation
(#=0%), while a temperature of -1°C is considered for the partially molten ice simulations (¢=5%
and 15%).

For all simulations the V), anisotropy increases rapidly up to shear strain of )=2, and then
it increases moderately (Fig. 3a). A similar evolution is predicted for the V; anisotropy, where the
highest increment occurs up to ¥=2 (Fig. 3b). As expected, higher anisotropies are observed in
S-wave velocities. The seismic anisotropy results from the preferred orientation of ice crystal c-
axes towards the vertical direction, as observed from the evolution of the strength of the
maximum c-axis orientation density revealed by the M-index (see ¢ =0% in Fig. 3c). When water
in present, the anisotropy of both V), and ¥ is reduced (see ¢ =5% and 15% in Fig. 3a-b)
compared with the pure ice case, as the developed maximum c-axis orientation density is less
intense (see M-index in Fig. 3c).

4 Discussion

Near the surface of ice sheets polycrystalline ice is assumed to be isotropic, since the
single ice crystals are approximately randomly oriented. The anisotropy of ice polycrystals due
to crystal reorientation increases with depth, with a strong maximum c-axis developing towards
the deepest parts of ice sheets (Faria et al., 2014). In our simulations, under simple shear
boundary conditions, the crystal orientation evolves from a random distribution of c-axes to a
strong maximum c-axis oriented almost perpendicular to the shear plane, as described by shear
experiments (Bouchez & Duval, 1982), and as observed in ice-core crystal-orientation analyses
(e.g., Hudleston, 1977; Faria et al., 2014; Montagnat et al., 2014; Weikusat et al,. 2017).

A large number of previous studies have tried to link the microstructures of polar ice with
their geophysical signature, aiming to use the seismic velocity anisotropy as a proxy to predict
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maximum c-axis orientations that formed during ice flow (Kerch et al., 2018). Relationships
between microstructures and seismic velocity anisotropy have been applied to the study of
natural ice core samples in Antarctica (Kohnen & Gow, 1979; Anandakrishnan & Alley, 1994;
Gusmeroli et al., 2012; Kluskiewicz et al., 2017), active-source (Navarro et al., 2005; Picotti et
al., 2015; Vélez et al., 2016) and passive-source (Smith et al., 2015; 2017) seismic field
measurements, prediction using modelling techniques (Diez & Eisen, 2015a; 2015b) and ice
ductile creep experiments (Vaughan et al., 2017). The simulations presented here also reveal a
direct link between maximum c-axis development and the orientations of V), and V;. When a
purely solid ice aggregate, or that with a low percentage of water is considered (¢ =5%), the
evolution from an initially random distribution of c-axes to a maximum coincides with the
maximum V), and minimum V' orientation, as predicted by experiments (Vaughan et al., 2017)
and as measured in natural ice core samples (Kohnen & Gow, 1979; Kohnen & Betley, 1977).
However, when the percentage of water is higher (¢ =15%) the orientation of V, and Vs cannot be
used as a proxy to unravel crystal preferred orientations.

Seismic anisotropy mainly develops during the first strain increment, up to y = 2, after
which anisotropy increases much more slowly. This would imply that a remnant fabric and its
corresponding seismic anisotropy from a previous stress regime would not remain if it is affected
by a change in ice flow lasting for an amount of strain greater than the equivalent of y= 2,
contrary to the assumption in Smith et al. (2017). The effect of a change in a stress regime on ice
microstructure has been previously described using ice deformation experiments, where a pre-
existing c-axis orientation is completely reoriented at a strain of 20% of axial vertical
compression (Craw et al., 2018).

Gusmeroli et al., 2012
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Figure 4. Idealized polar ice sheet, comparing seismic velocities measured at the EPICA Dome
C borehole (Gusmeroli et al., 2012) and those obtained in the presented simulations, all

considered along the maximum c-axis direction. In upper layers, ice is considered isotropic, as it
presents a random distribution of c-axis orientation. In depth temperature increases due to
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geothermal heat flux, shown by the EDML borehole temperature (Weikusat et al., 2017), and ice
becomes anisotropic because it develops a maximum c-axis orientation parallel to the vertical
compression.

In our simulations that represent near-surface ice-sheet conditions (i.e., characterized by
purely solid bulk isotropic ice and assuming a low temperature of -30°C) the predicted V), and Vs
in the direction of the developed maximum c-axis orientation are 3.84 km/s and 1.95 km/s,
respectively (Fig.4 and Table 1a). Due to the geothermal flux, ice temperature increases with
depth, while at the same time a strong c-axis maximum develops due to ice flow in non-coaxial
conditions (i.e., bedrock-parallel flow). The predicted V), and Vs in simulations representing these
conditions are 3.84 km/s and 1.84 km/s, respectively. Temperature causes a reduction of both V),
and Vs, being the latter slightly less reduced (Kohnen & Gow, 1979; Vaughan et al., 2017), while
ice flow increases the V), and reduces the V; along the maximum c-axis direction. Therefore, the
combination of the effects of temperature and ice flow results in an approximately constant
standard value of ¥, in the whole ice sheet but in a 5% reduction of Vs values in its deep parts
(Fig. 4 and Table 1a). These simulation results are coherent with in-situ wave speed
measurements performed at the EPICA Dome C (Gusmeroli et al., 2012). In this comparison
both thin-section-derived and sonic-derived elastic wave speeds at the Dome C show a decrease
of Vs between 5% and 8% in depth.

Following seismic estimations from synthetic modeling of the PRFs (P receiver
functions) from surveys in Antarctica and Greenland, polar ice sheets can be divided into an
upper layer with seismic velocities similar to the standard ice values, measured in the vertical or
close to the vertical direction (i.e., isotropic ice values; Gagnon et al., 1988), and a lower layer
with standard V), values but with Vs 17% to 30% lower than those measured in the upper part
(Wittlinger and Farra, 2012). However, according to our results the temperature dependence of
ice elastic parameters (Dantl, 1968), together with the increment of V), and decrease of V' along
the maximum c-axis direction due the bulk ice anisotropy development (Gagnon et al., 1988),
cannot explain the estimated strong decrease of 25% in the V; in the lower part of ice sheets.

Wittlinger & Farra (2015) proposed the presence of unfrozen liquids along the ice grain
boundaries as the cause of the low shear-wave velocities found in the lower ice layer. But, as our
simulations indicate, the presence of water reduces both V), and Vs. Even if melting occurs in a
microstructure with a strong crystal preferred orientation, ¥, would get proportionally reduced
by the presence of water (see Table 1a). The reduction of the compressional wave velocity (V) is
attributed to the difference between the bulk modulus of ice and the bulk modulus or water,
which is assumed one order of magnitude lower in this contribution. To find a significant
decrease in Vs a presence of ¢ >10% water would be required. However, in that case V, would
also be strongly decreased (see Table 1a).

The strong reduction of both V), and ¥ due to the presence of melt or water in granite
rocks has been previously described by Watanabe (1993), where the V), /Vs ratio remains similar
to the pure solid value up to 15% of water content, when it increases moderately. However, V),
/Vs increases with increasing the melt fraction. This effect is observable at very low melt
percentages (see Fig.2 in Watanabe, 1993). In our simulations we observe a moderate and
proportional increment of the V), /V; ratio with increasing the water fraction (see Table 1a).

The simulations presented in this contribution are located at the transition between the
deformation- and the recrystallization-controlled regimes (see Llorens et al., 2019). At this
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transition, water pockets can merge but still form isolated water pools, because GBM can
counteract changes in the pocket shapes to maintain the equilibrium dihedral angle. According to
Endres et al. (2009), our simulations are equivalent to undrained conditions, as possibility of out
flow by gravity is not considered. In our simulations, all the water is located in grain triple
junctions and not in veins (see condition ®=0.0 in Fig.1 in Endres et al., 2009). With progressive
deformation water pockets merge to form larger pockets, but not water chains. According to this
model for undrained conditions ¥, remains constant regardless the water content. For undrained
conditions the bulk modulus of the water-and-ice aggregate must tend to have the bulk modulus
of ice. If we assume this condition, and therefore that water located in ice has the same bulk
modulus as ice at -1°C (Parameswaran, 1987), Vs gets significantly reduced proportionally to the
presence of water, while V), is only slightly reduced (Table 1b). With water fractions ranging
from 5% to 10% V), would be ~ 3.83 km/s, similar to the purely solid isotropic ice simulation
(standard), but Vs would be reduced by up to 15% (Table 1b).

Table 1
Predicted V), and Vs (Km/s) along the maximum c-axis direction depending on the polycrystal
anisotropy, temperature and percentage of water. Water is nucleated at triple junctions after the
development of a crystal preferred orientation. For the predictions presented in (a) the bulk
modulus of water (K=2.3 GPa; Yoon & Cowin, 2009) is assumed for the water phase, as well as
a shear modulus 10 times lower than the bulk modulus and a Poisson ratio of 0.4999. For the
predictions presented in (b) the bulk modulus of ice is assumed for both the solid ice and water
phases, implying that water is compressed. The bulk modulus has been calculated from the ice
Young’s modulus at -1°C (Parameswaran, 1987) and assuming a Poisson ratio of 0.4999. The
shear modulus is kept 10 times lower than the bulk modulus.
Ice conditions T° (a) (b)
Vo Vs Vo Vs Vo Vs Vo Vs
Purely-solid isotropic ice -30°C | 3.84 | 1.95 1.97 - - -
(standard)
Purely-solid anisotropic ice -1°C | 3.84 | 1.84 2.07 - - -
Anisotropic ice + 5% water -1°C | 3.70 | 1.77 2.10 3.84 | 1.77 2.17
Anisotropic ice + 10% water | -1°C | 3.51 | 1.67 2.10 3.83 | 1.66 2.31
Anisotropic ice + 15% water | -1°C | 3.30 | 1.53 2.16 3.80 | 1.54 2.46

At undrained conditions water is necessarily located in isolated pockets and not forming
water networks. This condition also implies an elevated fluid pressure at ice-sheet basal parts.
This condition would be in accordance with the observations of temperate ice glaciers, where
basal water pressure reaches 96% of the ice overburden pressure when the temperature is near
the freezing point (Iken & Bindschadler, 1986; Jansson, 1995; Sugiyama & Gudmundsson, 2004;
Sugiyama, et al., 2011). The presence of water at these conditions would not favor sliding
between ice grains. That would correspond to a thermomechanical regime of a warm-based ice
sheet but with a thin temperate layer, where most of the deformation is internal and can be
described by a standard power law (Krabbendam, 2016). According to these results, and even
assuming that water is at elevated pressure conditions, the observed strong decrease of 25% of V'
in the lower part of ice sheets (Wittlinger & Farra, 2015) would imply an unrealistic proportion
of water in the system, probably higher than 15%.
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It should be borne in mind that, due to stereological effects, our high-¢ simulations in 2D
correspond to lower-¢ in 3D cases (von Bargen & Walf, 1986). Therefore, a direct comparison
with water percentages in rock experiments or in nature cannot be directly done, where the same
effect would occur at lower percentages of water (Llorens et al., 2019). But this is not expected
to change the joint reduction of both V), and ¥V with increasing water fraction.

However, if we consider that the dynamic conditions in the lower part of ice sheets
correspond to the deformation-dominated regime, the effective dihedral angle will be @ = 0°,
because recrystallization is too slow to counteract the shearing of water pockets (Llorens et al.,
2019). The initial shape and location of water pockets is not important, because pockets get
stretched continuously (de Meer et al., 2005; Koehn et al., 2006). As indicated in de Meer et al.
(2005), melt films located on grain boundaries will modify and even overprint the CPO-
dependent orientation and magnitude seismic anisotropy.

5 Conclusions

This study presents a series of full-field simple shear numerical simulations of dynamic
recrystallization of two-phase non-linear viscous materials that represent temperate ice. The
analysis of the resulting ice microstructures and the seismic wave velocities have led to the
following main conclusions:

1. In the absence of or at low percentage of water seismic velocities can be used as a
continuous proxy for the evolution of c-axis orientation in deforming ice. However, when the
percentage of water is high (¢ =15%) the direction of V), and Vi cannot be used as a proxy to
unravel crystal preferred orientations.

2. The presence of water reduces both V), and Vs proportionally. The reduction of the
compressional wave velocity (V)) is attributed to the difference between the bulk modulus of ice
and the bulk modulus of water, which is assumed one order of magnitude lower than that of ice
in this contribution.

3. If water resides at high pressure, and thus assuming that it has the bulk modulus of ice,
we find a remarkable decrease of Vs while V), remains close to the value for water-free ice. These
results suggest that the decrease in Vs observed in the base of ice sheets could be explained by
the presence of basal water at elevated pressure. This water would reside in isolated and
unconnected pockets at grain triple junctions and thus would not form melt bands. Such
distribution would correspond to a flow regime where recrystallization dominates over
deformation.

4. In systems where deformation dominates over recrystallization water pockets get
continuously stretched, allowing water films to be located at grain boundaries. This configuration
would modify and even overprint the maximum c-axis-dependent orientation and the magnitude
of seismic anisotropy.
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