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We use high resolution, ground-based observations of ice displacement to investigate ice deformation across the floating left-lateral shear margin of Priestley Glacier, Terra Nova Bay, Antarctica. Bare ice conditions allow us to fix survey marks directly to the glacier surface. A combination of continuous positioning of a local reference mark, and repeat positioning of a network of 33 stakes installed across a 2 km width of the shear margin are used to quantify shear strain rates and the ice response to tidal forcing over an 18-day period. Along-flow velocity observed at a continuous Global Navigation Satellite Systems (GNSS) station within the network varies by up to ∼30% of the mean speed (±28 m a−1) over diurnal tidal cycles, with faster flow during the falling tide and slower flow during the rising tide. Long-term deformation in the margin approximates simple shear with a small component of flow-parallel shortening. At shorter timescales, precise optical techniques allow high-resolution observations of across-flow bending in response to the ocean tide, including across-flow strains on the order of 10–5. An elastodynamic model informed by the field observations is used to simulate the across-flow motion and deformation. Flexure is concentrated in the shear margin, such that a non-homogeneous elastic modulus is implied to best account for the combined observations. The combined pattern of ice displacement and ice strain also depends on the extent of coupling between the ice and valley sidewall. These conclusions suggest that investigations of elastic properties made using vertical ice motion, but neglecting horizontal displacement and surface strain, will lead to incorrect conclusions about the elastic properties of ice and potentially over-simplified assumptions about the sidewall boundary condition.
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1 INTRODUCTION
The rate at which water stored in an ice sheet returns to the ocean is regulated in part by flow resistance provided by marine-terminating glaciers and floating ice shelves (Dupont and Alley, 2005; Goldberg et al., 2009; Gudmundsson et al., 2019). Where the flowing ice transitions from grounded to floating, basal drag reduces to zero and other sources of resistance, including longitudinal stress gradients and lateral drag, must balance the driving stress (van der Veen and Whillans, 1989; van der Veen et al., 2014). Lateral drag is localised by the non-linear flow law into shear zones at margins where ice is in contact with confining features such as valley walls and coastal headlands (Thomas, 1979). More generally, shear margins form wherever there is a boundary between ice that is deforming rapidly, and ice or rock, that is not (Echelmeyer et al., 1994; Jackson and Kamb, 1997; Whillans and van der Veen, 1997). Changes in shear margin properties have been associated with climate-driven changes in the flow of Greenland and West Antarctic outlet glaciers (Cavanagh et al., 2017; Lampkin et al., 2018; Alley et al., 2019). The mechanics of lateral margins are thus important to both ice-sheet system dynamics and to the representation of marine-terminating glacial systems in models used to project future change.
The horizontal velocity of ice shelves, and the downstream reaches of their tributaries, is observed to vary at semidiurnal, diurnal, and fortnightly frequencies in association with ocean tides (Murray et al., 2007; King et al., 2011; Padman et al., 2018). In the Ross Sea/Terra Nova Bay region of Antarctica, where the vertical tidal signal is dominated by the diurnal constituents K1 and O1 (MacAyeal, 1984; Padman et al., 2003; Byun and Hart, 2020; Ray et al., 2021), ice flow exhibits a strong diurnal variation and smaller responses at the higher and lower frequencies. For example, horizontal velocity at the calving front of the Ross Ice Shelf (RIS) varies by ±100% of the mean speed at a diurnal timescale and by a lesser amount semidiurnally (Brunt et al., 2010; Brunt and MacAyeal, 2014). Beardmore Glacier, a RIS tributary, exhibits diurnal variations of ±20% to ±50% of the mean long-term speed (Marsh et al., 2013; Cooley et al., 2019). Tidally-paced flow variation is also observed tens of kilometres upstream of the grounding line in several of the RIS tributary ice streams (Anandakrishnan et al., 2003; Bindschadler et al., 2003; Wiens et al., 2008).
Tidally-forced variation in ice shelf and tributary flow has been attributed to tide-modulated processes acting at/upstream of the grounding line (Thompson et al., 2014; Walker et al., 2014; Rosier et al., 2015; Minchew et al., 2017), at pinning points seaward of the grounding line (Heinert and Riedel, 2007; Robel et al., 2017) and within floating shear margins (Rosier and Gudmundsson, 2018). Two possible mechanisms of response are generally considered: 1) an instantaneous, elastic or viscoelastic response to bending stresses associated with the rising and falling tide (Rack et al., 2017; Minowa et al., 2019; Rosier and Gudmundsson, 2020); and 2) modifications to basal drag/contact stresses that change resistive stresses throughout the floating and near-floating domain (Schmeltz et al., 2001; Gudmundsson, 2011; King et al., 2011; Lescarmontier et al., 2015; Robel et al., 2017; Rosier and Gudmundsson, 2020). Local conditions, including the mechanical properties of the ice and its underlying substrate, affect how ice responds to the tidal forcing. Tide regime also varies, for example, the Ross Sea region is dominated by diurnal tides while the Weddell Sea is dominated by semidiurnal tides (Padman et al., 2003).
Measurement of the ice response to regular tidal forcing provides an opportunity to investigate ice material properties in situ and the focus here is on properties within a floating shear margin. Shear stresses arising at lateral boundaries result in ice deformation (Jackson and Kamb, 1997; van der Veen et al., 2007; Bondzio et al., 2017) that modifies ice physical properties (e.g., crystal preferred orientation, grain size, temperature) (Harrison et al., 1998; Perol and Rice, 2015; Minchew et al., 2018) and those modifications, in turn, can enhance deformation rates (Patrick et al., 2003; van der Veen et al., 2007; Gerbi et al., 2021). Field observations (e.g., Vaughan, 1994, 1995; Hulbe et al., 2016) tend to focus on elastic bending across relatively accessible grounding zones. Modelling studies suggest that viscous deformation within shear margins may be tidally-modulated due to bending stresses and spatially variable due to the effects of deformation on ice properties (Schmeltz et al., 2002; Rosier and Gudmundsson, 2018). High-resolution field observations of these flow-regulating boundaries are therefore an important objective.
1.1 Objectives
This study examines the tidally modulated mechanics of the glacier-left, floating shear margin of Priestley Glacier (74.33° S, 163.36° E) in Terra Nova Bay, Antarctica (Figure 1). The study is motivated by high-resolution field observations of ice motion, collected to provide context for a shallow ice coring project (Thomas et al., 2021). Two different surveying techniques, satellite-signal based GNSS positioning and optical angle and distance measurements using a total station, are used to track a closely-spaced network of surveying markers installed on the exposed ice surface. Together the techniques allow us to observe motion in 3 dimensions at a precision required for useful single–season results. The observations include a GNSS time series of along-flow displacement (predominantly viscous), a GNSS time series of across-flow displacement (predominantly elastic), and a total station time series of across-flow bending (predominantly elastic). The observations span 18 days and include both neap and spring tides. We use a 2D finite-element dynamic elastic bending model to investigate the observed ice response to tidal forcing, and to consider the effects of both the lateral boundary condition and spatial variation in mechanical properties across the margin. These observations also allow a comparison of the precision of the two positioning techniques. While they are somewhat limited by that original intent, their high precision and relatively fine resolution in both space and time reveal details of the ice motion that are only likely to be recognised in in situ data of this type.
[image: Figure 1]FIGURE 1 | (A) Priestley Glacier’s left lateral shear margin and two nearby tributary glaciers (O’Kane and Corner Glaciers). The red star indicates the location of the GNSS receiver and total station (TS) installed to monitor tidally-forced variations in ice position. The basemap is a Sentinel-2, 10 m true colour composite image, courtesy of the European Space Agency. The approximate grounding line location (dashed line) is from Rignot et al. (2016) and the inset map is from the Landsat Image Mosaic of Antarctica (LIMA) (Bindschadler et al., 2008). (B) The locations of stakes installed across the shear margin. (C) The ice velocity gradient inferred with GNSS positioning. (D) Principal strain rates near the GNSS station and shallow ice coring site, computed from GNSS-observed ice velocities. The blue line denotes the maximum compressional strain rate and the red line denotes the maximum extensional strain rate. The error on the direction is 2σ.
1.2 Study Site
Priestley Glacier is a ∼100 km-long outlet glacier flowing southeast through the glaciated valleys of Victoria Land into the Nansen Ice Shelf in the Ross Sea region. The glacier drains Talos Dome and is representative of the numerous small outlet glaciers that drain the East Antarctic Ice Sheet. We focus on Priestley Glacier’s left lateral shear margin, 3 km downstream from the grounding zone, and 3 km upstream from the confluence of Priestley and Corner Glaciers at the tip of Black Ridge (Figure 1). The ridge rises with an average slope of 35° above horizontal adjacent to our field site. The 3-km-wide outlet of O’Kane Glacier, a steeply-sloping, 28-km-long tributary, is located directly across-stream from our field site (Figure 1).
The field site was chosen to permit safe operations, away from large shear margin crevasses. Nevertheless, numerous narrow cracks in the ice surface were observed. Horizontal ice velocity, measured using feature tracking of 10 m resolution Sentinel-2 image pairs acquired between November 2019 and December 2020 (Messerli and Grinsted, 2015), ranges from [image: image] 10 m a−1 at the margin to 140 m a−1 at the glacier centre.
The ice surface slopes downward slightly from our GNSS station site, in both the downstream direction and toward the nearby glacier margin (Supplementary Figure S1). Katabatic wind transport and melting remove surface snow, intermittently leaving an exposed blue ice surface in the summer. Meltwater ponds form along moraines and near accumulated debris, and surface streams near the Black Ridge margin transport water onto the Nansen Ice Shelf (Bell et al., 2017). The exposed ice surface makes it possible to safely collect ice cores in an active shear margin (Thomas et al., 2021) and to make a direct connection between survey marks and dense glacier ice, simplifying the interpretation of their displacement over tide cycles.
2 OBSERVATIONS
2.1 GNSS Record of Tidally-Forced Ice Motion
Horizontal and vertical displacement of the ice surface are observed with high temporal resolution using GNSS positioning. A dual-frequency Trimble R10 GNSS receiver was installed 950 m inboard from the glacier edge and ∼3 km downstream from the grounding line. The receiver was positioned 1.7 m above the ice surface and mounted on a tripod attached to three plastic surveying pegs drilled into the ice for stability. Observations were recorded at 15 s intervals between the 31st December 2019 and 18th January 2020. Processing the raw GNSS data with Trimble Business Center software (TBC) Version 5.4 involves a single baseline correction function using the stationary reference at Jang Bogo Station (Trimble NetR9), ∼30 km from the local Priestley Glacier GNSS station. This method achieves a precision (1σ) of 0.005 m (across-flow, x-component), 0.013 m (along-flow, y-component) and 0.025 m (vertical, z-component, relative to the WGS84 ellipsoid) (estimated from 500 consecutive measurements collected over 2 h). High-frequency noise is reduced by smoothing all three position time series with a simple six-hour moving average (Figure 2).
[image: Figure 2]FIGURE 2 | Raw and smoothed GNSS observations of the (A) vertical and (B) across-flow position of the local GNSS station. The effects of different smoothing windows (coloured lines) are shown. Negative horizontal (across-flow) distances indicate displacement toward the glacier margin, and positive distances indicate displacement toward the glacier centre.
2.2 GNSS Observations of Glacier Stake Displacements and Velocities
Ice velocities and strain rates are determined using repeated positioning of 19 stakes installed with 100 m spacing along a 2-km transect across the shear margin, and 18 stakes installed in a more compact loop around the ice core drilling site with 50 m spacing (Figure 1B). The eastern-most stake is ∼350 m from the glacier margin. Crevasses, meltwater pooling, and frequent rockfalls prevented the installation of stakes nearer to the glacier edge. The stakes are 40 mm square sections of uPVC, 1.8 m long, with 3/8 inch screws to attach either a surveying prism or a GNSS receiver. One metre deep holes were drilled into the ice with a 2 inch Kovacs auger. Glacier stakes were frozen in by filling the holes with a mixture of snow powder and water.
Ten GNSS stake surveys were completed between the 1st and 18th January 2020, a range that spans the full spring-neap tidal cycle. Across- and along-flow velocity components, vx and vy, are computed as the slope of the best linear least-squares fit for the displacement in the two directions, as a function of time t. Uncertainty in the velocity components computed using standard error propagation theory (Taylor, 1997, p. g., 181), ranged from ∼ 0.2 to 0.5 m a−1 (Supplementary Table S1). Strain rates are approximated as the horizontal gradient of the displacement rate v. The stake array is delineated into a network of triangles with a velocity vector at each vertex. Strain rates are then calculated for the centroid of each triangle following Cai et al. (2008) and Cardozo and Allmendinger (2009). The equations are provided in Supplementary Section S1.4.
2.3 Total Station Observations of Glacier Stake Displacements
The stake network (Figure 1B; Supplementary Figure S2) was resurveyed with a Trimble M3 total station every 1–2 days. This technique provides a very high precision measure of relative motion among the stakes that is independent of the GNSS method (Supplementary Section S1.3). Errors in relative velocities from total station observations are smaller overall than errors for the GNSS method though this depends on the network geometry (Supplementary Figure S3). Repeat total station positioning can also be used to calculate time-series distance changes between stakes, that is, surface compression and extension. Optical–electronic surveying is well suited to this task because total station slope distance observations have an uncertainty of less than 0.001 m (1σ) over lengths [image: image]1500 m.
2.4 Tide Model
The Circum-Antarctic Tidal Simulation (CATS2008) model (Howard et al., 2019; Erofeeva et al., 2020) is used to predict the tide cycle for the lower Priestley Glacier in January 2020. Tide constituents included in the model are M2, S2, N2, K2 (semidiurnal), K1, O1, P1, Q1 (diurnal), Mf (fortnightly), and Mm (monthly). Our field site is near the edge of the CATS2008 model domain, in a relatively narrow fjord with poorly known bathymetry that is represented with a uniform water column depth in the model (Supplementary Figure S4). At the inland edge of the tide model domain (the grounding line), a minimum water column depth of 100 m is imposed and freely-floating ice in hydrostatic equilibrium is assumed. The tide prediction is therefore more representative of the downstream Nansen Ice shelf region than the shear margin field site. While the CATS2008 model is likely to predict correct tidal phases, amplitudes may be overestimated.
3 INTERPRETATION OF FIELD OBSERVATIONS
3.1 Mean Ice Flow Pattern
Mean horizontal velocities from the survey stake network range from 45.59 ± 0.56 m a−1 at the outer-most stake to 110.26 ± 0.46 m a−1 at the inner-most stake (Figure 1). While surface conditions prevented the connection of the survey network to a fixed local reference, the shape of the velocity profile across the shear margin suggests that the ice speed at the valley sidewall is ∼0 m a−1 (Supplementary Section S3.2). In detail, however, the velocity profile is not consistent with uniform ice properties across the margin (Supplementary Figures S6, S7).
The overall horizontal strain field observed using our survey stake network (Figure 1D) is indicative of simple shear with a shear direction approximately parallel to the flow direction, and longitudinal compression, also in the flow direction. At the continuous GNSS location, the simple shear strain rate, [image: image], is 0.019 a−1, corresponding to an octahedral shear strain rate of 0.011 a−1. Compressional and extensional principal strain rates reach values of −0.028 a−1 and +0.011 a−1, respectively, ∼500 m from the valley sidewall (the observed contact between ice and the valley wall). At this location, the axis of the compressive principal strain rate is 40° anti-clockwise from the flow direction (Figure 1D). This is consistent with the dominant orientation of long, parallel crevasses that extend from the margin into the glacier. As the distance from the margin increases, the axis of the most compressive principal strain rate rotates towards the flow direction and strain rate magnitudes decrease. The depth-averaged viscous effective stress (the second invariant of the deviatoric stress tensor) inferred from observed strain rate components over 18 days is τe = 163 kPa (at an ice temperature of −10°C, Supplementary Section S1.4).
3.2 The Tidal Cycle
Tides in the Priestley Glacier and Nansen Ice Shelf region are predominantly diurnal (Figure 3A). The diurnal declinational tides K1 (23.93 h) and O1 (25.82 h) are the most energetic constituents with modelled amplitudes of 17 and 18 cm, respectively. On the spring tide, when K1 and O1 are in phase, the model-predicted maximum range (peak-to-peak) is 0.87 m. On the neap tide, however, when K1 and O1 are out of phase, a semidiurnal cycle is predicted (Figure 3A). M2 (12.42 h) and S2 (12.00 h) are the most energetic semidiurnal constituents, with predicted amplitudes of 0.06 and 0.04 cm, respectively. This predominately diurnal regime, with a transition to semidiurnal double peaks during the neap tide, is also observed fortnightly at the nearby open-ocean Jang Bogo Antarctic Research Station tide station (Byun and Hart, 2020) and at the Scott Base sea level monitoring tide gauge, 300 km south of Priestley Glacier (LINZ, 2021).
[image: Figure 3]FIGURE 3 | Panel (A) is the predicted diurnal and semidiurnal tides for Priestley Glacier. Note that the amplitude of the semidiurnal signal exceeds the diurnal signal during the neap tide (4th and 18th January). (B) is a comparison between the detrended surface elevation time series from GNSS positioning and the tide prediction. (C) is the detrended along-flow position with the mean displacement rate removed. Positive values indicate an increased rate of displacement in the downstream direction. (D) is the across-flow position with negative horizontal displacements indicating ice motion towards the glacier margin. Timestamps are in local time (UTC+13 h).
The tide prediction provides context for frequency content of the GNSS station position time series. The 18-days data set is too short to resolve the frequencies of individual tide constituents, however, both a higher amplitude diurnal frequency and a lower amplitude semidiurnal frequency are found in all three components of ice motion observed using GNSS (Figures 3, 4). The diurnal spectral peak is associated with the K1 and O1 constituents, and the semidiurnal peak is associated with the M2 and S2 constituents (Figure 4). Features of the individual GNSS time series and their apparent relationship to the tide are considered in the next sections.
[image: Figure 4]FIGURE 4 | Spectra of the raw GNSS station time series and the modelled tide, computed using the MATLAB fast Fourier transform algorithm. Panel (A) is the across-flow position, (B) is the along-flow position, (C) is the vertical position, and (D) is the tide prediction.
3.3 Time Series of Vertical Ice Motion
The observed vertical motion is predominantly diurnal with an amplitude that reflects the phase of the spring-neap tidal cycle (Figure 3B). The semidiurnal signal is most apparent during the neap tide, when the diurnal constituents K1 and O1 are perfectly out of phase. During this time (1–5 January), the semidiurnal tide constituents are responsible for frequency doubling in the GNSS elevation time series. From January 6 onward, the phase shift between K1 and O1 diminishes, the two components synchronise to form the spring tide and the larger amplitude, diurnal signal dominates. Error in the vertical position from GNSS is 0.025 m, on the same order as the signal amplitude. While their amplitudes vary, the phases of the tide prediction and observed vertical position agree well.
3.4 Time Series of Horizontal Ice Motion
The observed horizontal ice motion is tidally-modulated (Figures 3C,D, 5). In the along-flow direction, downstream displacement at the local GNSS station site is larger at low tide and smaller at high tide, and therefore, ice velocity is largest during the falling tide. This pattern is most clear during the spring-tide but is evident throughout the time series. Only one clear velocity maximum is observed per diurnal tide cycle, with no evidence of velocity peaks at a semidiurnal frequency. Maximum amplitudes of the along-flow velocity variations are 28 m a−1, ±32% of the mean speed (Figure 5). In the across-flow direction, the ice surface at the local GNSS station is displaced towards the valley sidewall during the high tide, and toward the glacier centre during the low tide.
[image: Figure 5]FIGURE 5 | (A) Along-flow vy and (B) across-flow vx ice velocity from GNSS positioning. Negative vx indicates ice motion toward the glacier margin and positive vx indicates ice motion toward the glacier centre.
3.5 Surface Strain
Continuous slope–distance observations between the GNSS station position and other survey stakes were obtained with the total station from 14 to 18 January. Because the stakes are frozen into the ice, these observations can be reliably used to calculate surface strain of the ice layer as it flexes in response to the tide. Slope-distance measurements made with the total station have the fine precision and small uncertainty required to detect the surface strain while its cumulative effect is manifest as motion relative to the valley sidewall in the GNSS time series.
The ice surface experiences extension during high tide and compression during low tide near the local GNSS station, ∼950 m inboard of the valley sidewall (Figure 6). At high tide, the magnitude of the across-flow lengthening is 10.1 ± 0.4 mm over a 200 m line centre-ward of the GNSS station, a strain of 4.9 × 10–5 ± 0.2 × 10–5, and 14.4 ± 0.8 mm over the 1,200 m distance from the GNSS station to the end of the survey stake line (Figure 1B), a strain of 1.2 × 10–5 ± 0.1 × 10–5. Similar magnitude shortening is observed at low tide. The complete time series spans a transition from spring to neap tide and both diurnal and semi-diurnal patterns appear in the strain time series (Figure 6). The frequencies of the strain and tide prediction do not agree during the neap tide, which may be due to limitations in the tide prediction discussed earlier.
[image: Figure 6]FIGURE 6 | Total station slope-distance observations of an across-flow line. Panels (A) and (B) are the 200 and 1,200 m across-glacier surveying transects, respectively. Error bars (1σ) are computed from 15 repeated measurements of stake position. Time variation in the slope-distance across the margin is a measure of the tidally-induced ice deformation.
The observed transverse motion and strains are due to flexure in the across-flow direction on the rising and falling tide. Considering the across-flow profile as a simple beam fixed to the valley sidewall, the rising tide should drive a flexure profile that is concave up near the margin and convex up toward the centre of the glacier, with bending stresses that are compressive and extensional, respectively, at the upper surface. The pattern reverses on the falling tide. The positive extensional strain observed at the local GNSS station during the rising tide indicates that the GNSS station is center-ward of the transition from concave to convex. The smaller strain obtained along a line extending farther toward the centre of the glacier implies that the shorter line was across a zone of locally maximum extension, either due to the flexure profile or spatially heterogeneous ice stiffness. In the next section, a beam bending model is used to interpret the observed motion and strain in terms of boundary conditions and material properties.
4 ICE FLEXURE MODEL
We use an elastodynamic model (Bleyer, 2018) to examine the continuous bending motion of the ice layer in response to tide forcing (i.e., changes in water pressure at the ice base). Linear elastic models are appropriate for simulating response to shorter tidal frequencies (e.g., semidiurnal and diurnal) (Vaughan, 1995; Marsh et al., 2014; Rack et al., 2017; Rosier et al., 2017). Viscoelastic models also account for the non-linear viscous flow that dominates longer–timescale deformation, including tidal perturbations to boundary conditions, and grounding line position (Gudmundsson, 2011; Walker et al., 2014; Wild et al., 2017; Rosier and Gudmundsson, 2020). Of relevance to our shear margin field site, Rosier and Gudmundsson (2018) and Drews et al. (2021) use a numerical model to show that flexural stresses within margins may enhance horizontal motion via perturbation to the effective margin softness on both the high and low tides, resulting in a double velocity peak per diurnal tide cycle. This predicted frequency doubling is not observed in our GNSS data. All together, a relatively simple elastodynamic model is consistent with both what we observe in the GNSS time series and the available data, which is largely 2D, aligned across-flow.
4.1 Model Set-Up
The floating cross-section of Priestley Glacier is represented as a 2D (x, z) isotropic linear elastic medium with varying thickness H (Supplementary Figures S1, S5). The field site is floating throughout the tidal cycle and the observed ∂vy/∂x suggests that the nearby boundary between ice and valley sidewall is no-slip. This is a generalised plane strain problem with fixed lateral boundaries, which can be simplified to a real plane strain by removing out-of-plane strains and in-plane dependencies.
The finite element computational software FEniCS (Alnæs et al., 2015) is used to solve for the unknown 2D displacement vector u associated with the tidal cycle. The governing equations for the linear elastic deformation of a medium Ω are
[image: image]
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where σ is the stress tensor, f is the body force per unit volume, λ and μ are the Lamé coefficients, ϵ is the strain tensor and u is the displacement vector field. The Lamé coefficients are
[image: image]
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where E is the Young’s modulus and ν is Poisson’s ratio (0.3).
Time discretisation using the generalised alpha method (Erlicher et al., 2002) is introduced to solve for the unknown elastic dynamic displacement with zero damping following Bleyer (2018). A Robin-type boundary condition imposes pressure perturbations to the mean tide on the underside of the ice layer, and Dirichlet boundary conditions of zero displacement are imposed at the left and right boundaries.
The effects of gravity and the supporting seawater pressure on the ice can be represented in different ways and this has implications for model initialisation. If gravitational pull on the elastic domain is included, domain deflection associated with compression due to the ice overburden and mismatch between domain shape and true hydrostatic equilibrium must be estimated. Displacements and stresses due to tidal motion are then found by subtracting this initial “compression solution” from models forced by different tide heights. A simpler approach, which we use here, is to neglect gravity, assuming the domain is already in hydrostatic equilibrium, and use pressure perturbations to the mean-tide as a forcing. The two approaches yield solutions with differences several orders of magnitude smaller than the displacements themselves, but the latter avoids small mismatches from the compression step and is a true plane strain problem.
4.2 Experiment Design
The model domain represents an across-flow section across the full 9 km width of the glacier at the study site. Surface elevation and ice thickness are from the MEaSUREs BedMachine v2 Antarctica compilation (Morlighem et al., 2020). Roving GNSS observations along the stake network agree with the BedMachine surface elevation (Supplementary Figure S1). Mean sea level is at z = 0 m. The simplest lateral boundary conditions are fully fixed, with zero displacement along the full ice thickness at the sidewall ice/rock contact. Such conditions, and several cases with partial or additional contact are examined.
Elastic properties of the ice layer are described by the elastic modulus (Young’s modulus) E and Poisson’s ratio ν. The value ν = 0.3 is standard for isotropic polycrystalline ice (Gammon et al., 1983a), while values of E reported in the literature range across two orders of magnitude. Very small strain measurements of synthetic isotropic ice, made at high frequency, give E = ∼ 9 GPa (Gold, 1958; Gammon et al., 1983b; Vaughan et al., 2016). Values of E calculated from ultrasonic and seismic velocities of natural ice (Bentley, 1972; Kohnen and Gow, 1979; Hellmann et al., 2021) are also on the order of 9 GPa at these high frequencies, and seismic velocities at the Priestley Glacier site give a similar value (Lutz et al., 2022). McCarthy and Cooper (2016) show that measured E values reduce with frequency, down to values more than an order of magnitude lower at tidal frequencies. Indeed, inversions of tidal flexure field data span a range of values from E = ∼ 9 GPa to an order of magnitude lower. An inversion of data from a stagnant and cyclically worked ice sheet grounding line (Hulbe et al., 2016) gives much lower apparent values of ∼0.05 GPa. The continuous GNSS record is used here to infer an apparent elastic modulus for the Priestley Glacier shear zone site.
The elastic beam model is used to simulate the tidally-forced flexure of Priestley Glacier over the 18 days of our field observations with a timestep of 15 min. The time period spans a spring–neap tidal cycle. Neither the lateral boundary condition nor the elastic modulus is known independently of the observed motion and as discussed above, the modelled tide amplitude is most appropriate downstream, on the Nansen Ice Shelf. To manage these limitations, the model experiments begin with a reference case (experiment ‘M1’), using fully coupled lateral boundaries and a uniform elastic modulus E. A root-mean square best fit between observed and simulated across-flow x and vertical z motion at the local GNSS station is used to calibrate E and the tide forcing (Supplementary Section 3.3). This provides a sense of scale for both. The continuous total station measurements of across-flow strain (Figure 6) provide an independent measure against which to evaluate model performance and consider alternative conditions.
While the GNSS-observed velocity transect indicates that some part of the sidewall boundary contact is fully coupled, this observation alone does not reveal the depth to which the coupling extends. If, for example, the coupling is shallow only, the sloping sidewall would, on the rising tide, allow a wedge of water to lift the ice closer to the margin than in the fully-coupled case, and thereby shift the location of maximum curvature—on the rising tide—toward the sidewall. Alternatively, if part of the margin is grounded on the seabed, vertical motion in response to the tide would be damped and flexure would extend over a longer distance inboard from the sidewall.
To examine these possibilities, model experiments “M2_partial” and “M3_grounded” reduce and extend the fixed portion of the boundary (Table 1). In “M2_partial”, the upper 400 m of the boundary is fixed while a no contact boundary condition is specified below that depth. In the “M3_grounded” case, additional grounding is simulated by fixing the ice along a 350 m wide section of the seafloor adjacent to the margin. In all cases, the right lateral boundary is fixed at the observed O’Kane Glacier grounding line. In the real system, bending must extend upstream of the grounding line (Sayag and Worster, 2011), however, we have no observations of vertical motion from the O’Kane Glacier outlet. The net effect is that the width of the model domain may be slightly underestimated.
TABLE 1 | Description of each model experiment.
[image: Table 1]Lacking better information, elastic descriptions of ice bending typically assume that E is spatially uniform. Experiments show that both grain size and crystal fabrics are modified by shear deformation (Bouchez and Duval, 1982; Journaux et al., 2019; Qi et al., 2019) and natural ice shear zones (Hudleston, 1977; Jackson and Kamb, 1997; Monz et al., 2021), including the Priestley Glacier shear margin (Thomas et al., 2021) have crystal fabrics consistent with the experiments. Shear deformation can also increase ice temperature (Echelmeyer et al., 1994; Perol and Rice, 2015; Hunter et al., 2021) and there is some evidence from experiments (Golding et al., 2010) and natural ice shear zones (Harrison et al., 1998) that this occurs, potentially giving rise to temperate ice (Meyer and Minchew, 2018). Qualitatively, the spacing of fractures observed at the ice surface increases across the shear zone, with distance from the ice edge. All together, these effects suggest that ice stiffness may not be uniform across the glacier.
Three model experiments allow for horizontal variation in ice stiffness by decreasing E within the shear margin and increasing E in the glacier trunk, relative to the reference ‘M1’ (Table 1). The relatively soft band is narrower in the M4_stiffness case (1,000 m wide) than in the other cases (1,400 m wide). The values of E used here fall within the range of apparent elastic moduli previously inferred by fitting beam bending models to observed flexure zones (e.g., Vaughan, 1995; Hulbe et al., 2016; Rack et al., 2017; Wild et al., 2017). Two additional experiments, ‘M7_both’ and ‘M8_both’ are combinations of spatially variable E and alternative boundary contact situations.
5 MODEL RESULTS
5.1 Reference Model With Homogeneous Ice Properties
Model experiment M1 is used to calibrate the tidal forcing and the uniform reference value of E (Supplementary Tables S6, S7). Using the tide prediction from the CATS2008 model as a starting point, the best overall match between observed and simulated motion in the vertical direction is found when E = 4 GPa and the tide forcing is scaled by 0.75 (Figure 7).
[image: Figure 7]FIGURE 7 | Modelled versus GNSS–observed horizontal (across-flow) displacement. In (A), no scaling is applied to the tide prediction. In (B), the ice flexure model is forced by the CATS2008 tide prediction, scaled by ×0.75 to account for our proximity to the grounding line and glacier margin.
While the reference model produced a good match to motion at the local GNSS station site (Figure 7), surface strains computed along the modelled ice surface are inconsistent with observed strains (4.9 ± 0.2 × 10–5 versus −5.0 × 10–6, respectively, along the 200 m line centre-ward of the GNSS station). At high tide, the modelled transition from surface compression to extension occurs far inboard of the GNSS station location (Figure 8, M1). Put another way, the radius of curvature is too large and as a result, high tide in the model generates surface compression at the GNSS station site and low tide generates surface extension (Figure 8). Total station strain observations indicate the reverse pattern with surface extension observed on the diurnal rising tide (Figure 6). To correct this mismatch, the site of maximum compression (maximum convex-up curvature) must be shifted toward the valley sidewall so that extension is experienced on the rising tide, at the local GNSS station site. This implies that either the sidewall boundary condition or the assumption of uniform E is incorrect.
[image: Figure 8]FIGURE 8 | Upward bending of the ice layer for three different left lateral boundary conditions. M1 is the reference model, M2 has a partially fixed left boundary and M3 represents additional grounding on the seafloor. The first column shows the displacement magnitude and the second column is the transverse (across-flow) component of the stress tensor. Negative stresses are compressive and positive stresses are tensile. The tide forcing is +37 cm, representing the scaled spring high tide. All experiments have a uniform Young’s modulus of E = 4 GPa. Opposite downward bending of the ice layer is shown in Supplementary Section 3.4.
5.2 Left Lateral Boundary Condition
The partial contact boundary condition (M2) shifts the centre of curvature toward the valley sidewall. This condition focuses the transverse bending stress σxx in a narrower zone with a larger magnitude, relative to the reference model (Figure 8), improving simulation of the observed surface strain. However, both vertical and horizontal motion are overestimated for the rising tide (Figure 9).
[image: Figure 9]FIGURE 9 | Panel (A) is the vertical component z of the ice surface displacement for each of the three margin boundary conditions and a range of apparent Young’s modulus values (E = 2.5–5 GPa, dark to light shading, respectively). Panel (B) is the horizontal component x of the ice surface displacement, with negative displacements indicating motion toward the margin. Panel (C) is the surface strain (engineering strain) computed for each model element at the ice surface. The tide forcing applied to generate the upward deflection in this example is the spring high tide (+37 cm). The red inset box indicates the section of the glacier surface shown in each plot. Opposite downward bending of the ice layer is shown in Supplementary Section 3.4.
The additional grounding condition (M3) shifts the centre of curvature away from the valley sidewall. This distributes σxx over a wider zone and decreases its magnitude, and reduces vertical motion at the local GNSS station site. While the latter consequence provides an alternative explanation for the scaling we applied to the tidal forcing, the strain observations are not reproduced, and indeed, the result is poorer than the reference case.
5.3 Spatially Variable Ice Stiffness
Softening the shear margin by reducing E focuses compression and shifts the convex/concave transition closer to the valley sidewall (M4, M5, and M6 in Figure 10). Shifting the boundary between relatively softer and stiffer ice engages more or less of the margin in the compressive, convex-up part of the flexure profile (M5 versus M4). Grounding under the margin damps this effect (M7) while partial sidewall decoupling intensifies it and shifts the convex/concave transition even closer to the valley sidewall (M8). These modifications also affect horizontal and vertical motion (Figure 11). All together, the best comparison is obtained when the transition in E is near the site of the local GNSS station (Figure 12). More complicated patterns of variation in the apparent Young’s modulus may improve the result, however, additional strain observations would be required to justify additional model experiments.
[image: Figure 10]FIGURE 10 | Upward deflection of the ice layer for five experiments with spatially variable E across the shear margin. The first column shows the displacement magnitude and the second column is the transverse (across-flow) component of the stress tensor. Negative stresses are compressive and positive stresses are tensile. Opposite downward bending of the ice layer is shown in Supplementary Section 3.4.
[image: Figure 11]FIGURE 11 | Modelled versus GNSS–observed horizontal (across-flow) and vertical displacement for experiments M1, M6, M7, and M8.
[image: Figure 12]FIGURE 12 | Column (A) inset boxes show the section of the ice surface plotted in (B) and (C). Column (B) shows the surface extension/compression associated with an upward deflection over 200 and 1,200 m transects. At the location of the field camp, the observed length change (surface extension) is +1.0 and +1.2 cm (indicated by the stars). The modelled length change is computed for 200 and 1,200 m segments, moving along the ice surface at 10 m increments. Column (C) shows the pattern of across-flow surface strain, computed for each model element along the ice surface. In (C), the transition from compression (negative) to extension (positive) corresponds to the location of the positive/negative transition in the contour maps in column (A). In (B) the location of the transition also depends on the length scale of the strain measurement.
6 DISCUSSION
The vertical and across-flow motion observed across Priestley Glacier’s floating shear margin is in phase with the CATS2008 model tide prediction while the along-flow velocity is out of phase. The in-plane motion is well described as a linear elastic response to forcing by the ocean tide. Periodic compression due to tidally-modulated discharge from O’Kane Glacier (across from the study site) may also account for the observed in-plane motion, however, in that case we would expect maximum compression and motion toward the margin during the falling tide, which is not observed.
Bending stresses have been proposed as a mechanism to explain tidally-paced variation in along-flow velocity (Rosier and Gudmundsson, 2018, 2020; Drews et al., 2021). This ‘flexural softening’ mechanism works by reducing the effective viscosity of ice near the margin. As simulated by Rosier and Gudmundsson (2018), floating ice subject to this mechanism experiences velocity maxima at maximum bending on both high and low tides, when bending stresses are at their largest. With only one velocity maximum per tide cycle, during the falling tide, there is no indication of this effect at the Priestley Glacier study site.
Different estimates of the elastic modulus will result in different estimates of bending stresses in the model shear margin. The maximum depth-averaged σxx amplitude, calculated from the neutral line to a free surface, produced in our bending models is 60 kPa in the uniform-E experiment M1 and 10 kPa in the spatially-varying E experiment M5 (Figures 8, 10). The heterogeneous ice properties case thus implies a factor of six smaller σxx than would be obtained using the assumption of uniform E. This result suggests caution in how elastic properties are inferred using bending models. It also reduces the contribution that bending stresses could make to the flexural softening mechanism proposed by Rosier and Gudmundsson (2018).
The vertical extent of sidewall coupling modifies elastic deformation in both the horizontal and vertical dimensions in our simulations. For example, during high tide, shallower sidewall coupling (M2) increases and focuses the bending stress magnitude at the upper surface while limiting the depth to which the intensification extends. The pattern would revert to a fully coupled situation (M1, with opposite signs) on the falling tide. In-plane motion is also enhanced, on the rising tide. In this way, different coupling situations give rise to different patterns of surface strain and vertical motion that could be used to deduce the extent of sidewall coupling at any tidally modulated ice-shelf margin. The data available for the present study are limited by the original purpose of the survey network, but more complete investigations would be straightforward, provided observations with precision similar to the total station are available.
The relatively low value of the apparent Young’s modulus implied by observed deformation within the shear margin (an order of magnitude lower than the laboratory value for isotropic ice), and the heterogeneity implied by the model experiments, require explanation. Cryo-EBSD analysis of the microstructure of ice core samples from the centre of the survey network (Figure 1, red star) found a very strong fabric with c-axes oriented perpendicular to the margin, as expected (e.g., Jackson and Kamb, 1997; Monz et al., 2021), and grain sizes of ∼1 mm (Thomas et al., 2021). This is unexpected: grain size during creep corresponds to differential stress (Kohlstedt and Weathers, 1980; Derby, 1991; Cross et al., 2017) and the piezometer relationship for ice (Jacka and June 1994) indicates that recrystallisation to 1 mm requires an octahedral stress magnitude of ∼0.4 MPa. This would be a peak stress magnitude, as grain size responds more rapidly to increasing rather than decreasing stresses (Cross et al., 2015). The only comparative data for grain size collected from a polar, cold ice, lateral shear margin setting, are from Jackson and Kamb (1997), although we note that similar, shear margin, temperate ice samples have been examined by Gerbi et al. (2021) (mean englacial temperature, − 2°C) and Monz et al. (2021) (margin ice temperature, − 4°C). Jackson and Kamb (1997) observed grain sizes of ∼5 mm, corresponding to octahedral shear stresses of 0.2 MPa in the Whillans Ice Stream (WIS) shear margin. The WIS samples are from a grounded shear zone with larger shear strain rate and colder temperature than the Priestley Glacier case (WIS: ∼0.14 a−1, −24°C; PG: 0.019 a−1, −19°C). Given these conditions, we would expect grain sizes to be coarser in the Priestley Glacier margin than at WIS, but they are not. The grain sizes and shapes are inconsistent with simple shear (Thomas et al., 2021) and imply larger stresses in the shear zone than can be explained by viscous deformation alone. On this basis, we speculate that flexural deformation in the floating margin must influence dynamic recrystallisation processes and control grain size and shape in the margin.
The observational evidence shows only that tidally forced flexural deformation is larger than can be explained by the laboratory value for E. However, the deformation may not be purely elastic. Both grain boundary sliding and basal glide are recognised as anelastic attenuation mechanisms in ice (Kuroiwa, 1964). Finer grain sizes would promote weakening, and the strong alignments of ice basal planes parallel to the shear margin (Thomas et al., 2021) would allow shearing on vertical planes that could accommodate flexural bending. Neither grain boundary sliding nor basal slip can operate in isolation (Ashby, 1972; Goldsby and Kohlstedt, 1997, 2001; Langdon, 2006) but can operate simultaneously, so it could be the combination of these mechanisms that facilitates weakening of the shear margin.
Two independent surveying methods, GNSS and total-station positioning (an optical technique), were used to monitor the horizontal and vertical position of the ice surface. Both methods resolved the pattern of velocity across Priestley Glacier’s shear margin within the two-week field campaign. However, they are characterised by different uncertainties and this affects the derived quantities that are of primary interest here. GNSS errors vary by an order of magnitude over diurnal cycles. 2σ standard deviations range from ±0.005 m in the horizontal and ±0.019 m in the vertical (6 h starting at 16:00 on 4 January) and ±0.062 m in the horizontal and ±0.12 m in the vertical (6 h starting at 08:00 on 14 January). Propagated errors on the stake velocities are smaller overall for total-station positioning than for the more commonly used GNSS positioning method (Supplementary Figure S3) and this can result in smaller errors on strain rates computed from velocities (Supplementary Tables S4, S5). During the neap tide, when the modelled minimum ocean tide amplitude is ∼0.05 m (and observed amplitude of vertical displacement is 0.005 m), variations in ice velocity are difficult to detect with GNSS positioning because noise obscures the signal of fastest (slowest) velocities with the falling (rising) tide. We encourage the use of optical electronic surveying instruments (e.g., robotic total stations) to complement the conventional GNSS positioning used in studies of ice mechanics.
7 CONCLUSION
Our unusual study site, a floating shear margin with exposed blue ice and safe field conditions, allowed us to observe 3D motion and deformation with very fine precision. Coupling survey marks directly to the ice ensured that the observed strains represented deformation directly. Our precise positioning methods allowed us to resolve the velocity gradient and strain across the margin within a time frame of 2 weeks, with no return to the field required. Long-term horizontal shear strain rates in the central part of our survey network are on the order of 10−2a−1 and the inferred effective stress (the second invariant of the deviatoric stress tensor) is ∼160 kPa.
Together, the total station and GNSS observations reveal heterogeneity in deformation across the shear margin over relatively short spatial scales. When such heterogeneity exists, the spatial scale at which ice displacement is observed will affect the inference of ice properties. In the present work, high-precision optical measurements of strain over two different length scales (200 and 1,200 m) allowed us to consider curvature in some detail and deduce that bending and deformation must be focused within a relatively narrow zone of the shear margin. If the present study had relied on the vertical component of the GNSS observations alone, the assumption of uniform mechanical properties would have sufficed and the apparent Young’s modulus would have differed from the value constrained from our more detailed observations of vertical motion and horizontal strain.
Priestley Glacier’s shear margin experiences velocity variations of up to 32% of the mean speed despite the relatively small-amplitude tidal cycle. We observe one peak in the downstream velocity per tide cycle, on the falling tide. Across flow, the ice at our study site moves toward (away from) the valley sidewall on the rising (falling) tide as a result of flexure across the margin. Semidiurnal variations in both vertical and horizontal motion become apparent during the neap tide and the same relationships between motion and tide forcing observed during the spring tide apply.
A range of mechanisms have been proposed to explain variation in ice shelf motion at ocean-tide frequencies. These include the tidal modulation of grounded ice stream/glacier flow, transmitted both upstream and downstream (Thompson et al., 2014; Walker et al., 2014; Minchew et al., 2017), changes in the degree of contact with lateral margins and pinning points (Heinert and Riedel, 2007; Robel et al., 2017), and variations in the effective stress and effective viscosity of shear margins (Rosier and Gudmundsson, 2018, 2020). We have no observational evidence of a change in either margin contact or effective viscosity across repeated tide cycles and conclude instead that the along-flow variation is more likely due to changes in flow of the grounded part of Priestley Glacier.
The simple linear elastic bending model describes the tidally-forced vertical and across-flow motion of Priestley Glacier’s left shear margin. While the observed vertical motion could be adequately described by uniform elastic properties of the ice, across-flow deformation, observed with very high precision over different length scales, cannot. This conclusion points to the usefulness of precise, high resolution observations of motion in 3 dimensions for ice mechanics studies of this kind. The observed deformation implies a spatially variable ice stiffness, with relatively deformable ice in the shear margin, relatively stiff ice in the central part of the floating glacier, and a sharp transition between the two. This implies that the elastic modulus is spatially variable, and lower than the laboratory value in the shear margin. Connecting these results with analyses of ice cores collected at the study site, we propose that grain size reduction and c-axis alignment within the relatively rapidly deforming margin are responsible for the implied softening of the margin.
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