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1. Introduction
The crystal structure of glaciers and ice sheets records past flow and affects present-day ice deformation. 
Much work on ice-crystal orientation fabric has focused on the fabric's effect upon deformation (e.g., Hruby 
et al., 2020; Ma et al., 2010; Martín & Gudmundsson, 2012; Minchew et al., 2018) since it can control flow 
by introducing local directional hardening (Duval et al., 1983). Though several models have been developed 
to describe the evolution of ice-crystal fabric (Azuma & Higashi, 1985; Faria et al., 2002; Gillet-Chaulet 
et al., 2005; Kennedy et al., 2013; Richards et al., 2021; Thorsteinsson, 2002), relatively little work applies 
these models to understand crystal fabric as a proxy for flow, and only a small subset of that work considers 
fast-flowing glaciers (Thorsteinsson et al., 2003). However, ice-stream velocities are a primary control on 
ice-sheet mass balance on various timescales, and are thus of broad glaciological interest. In general, obser-
vational constraints on millennial-scale changes to ice-stream velocities are sparse (Brisbourne et al., 2019; 
Kingslake et al., 2016), though a number of studies have used radar to determine that some flow change 
occurred without quantifying the magnitude of the change (e.g., Beem et al., 2017; Catania et al., 2012; 

Abstract The crystal structure within an ice sheet evolves in response to deformation; hence ice-
crystal fabric records ice-flow history. However, the complexity of crystal-fabric evolution, and the lack 
of model results with which to compare data, limit the usefulness of fabric measurements, particularly 
in areas with complex ice dynamics. Here, we use an ice-flow model to identify characteristic fabrics 
associated with ice-stream onset, with the goal of aiding interpretation of fabric measurements. Using 
time-dependent model simulations, we identify how crystal fabric may be used to diagnose changes in 
an ice stream's speed or lateral position. Consistent with previous work, we find that fabric within an ice 
stream is generally a vertical girdle, though horizontal shear can lead to a horizontal single maximum. 
Transient simulations demonstrate that effects from changes in flow may be recorded in the crystal fabric 
for thousands of years after an ice stream activates and more than ten thousand years after an ice stream 
stagnates. Both transient and steady effects on fabric are sufficiently large as to be measurable in ice cores 
or with polarized radar, suggesting that in certain scenarios fabric could be used to identify past flow 
changes. These results could be used to design radar surveys in areas where ice streams are known to 
deactivate, such as the Siple Coast in Antarctica, or where they may migrate laterally or widen, such as in 
Northeast Greenland.

Plain Language Summary Glacier ice is composed of individual grains, or crystals. These 
grains can have different orientations, similar to how a pile of snow has many flakes all pointing in 
different directions. When ice accumulates as snowfall, the grains point in approximately random 
directions. However, as glaciers move, the orientation of the grains is changed, leading to characteristic 
"fabrics," where the grains tend to point in distinctive directions. Here, we try to understand how one 
could work backwards, from the orientation of the grains, to determine how the ice flowed in the past. 
We use an ice-flow model to understand whether instabilities in ice streams, "rivers" of fast flowing ice in 
Greenland and Antarctica, would be recorded in the fabric. We find that changes in ice-stream flow could 
indeed be seen in the fabric for thousands or tens of thousands of years, depending on the exact type of 
change. We then show that these changes to fabric are large enough that they could be measured in ice 
cores or with specialized ice-penetrating radars. This helps lay the groundwork for better understanding 
of long-term changes to ice flow, which is important but hard-to-measure context for modern ice-stream 
retreat.
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Shabtaie & Bentley, 1987). Ice-crystal fabric can potentially provide additional, quantitative constraints on 
past ice-stream flow, which may help improve understanding of the ice sheets and provide validation for 
large-scale models of ice flow.

Here, we seek to identify how changes to ice-stream flux or position can be recorded in ice-crystal fabric. 
Our focus is on regions near the onsets of ice streams, for this purpose defined as areas where ice flows 
predominantly by basal sliding but flow speeds remain less than 100 m 1yr . Such areas often have key 
characteristics of ice streams, like low basal shear stress (e.g., Morlighem et al., 2010), but the lower flow 
speeds and proximity to the divide offer practical advantages for modeling. We use Elmer/Ice (Gagliardini 
et al., 2013; Zwinger et al., 2007), an existing model capable of simulating the coupled evolution of ice flow 
and crystal fabric, to determine the velocity and fabric evolution of an idealized ice stream after ice-stream 
activation, stagnation, or lateral migration. Our three goals are: (a) to assess what signature of changes to 
ice-stream flow is encoded in the crystal fabric; (b) to determine how long such a signature is likely to per-
sist; and (c) to identify whether that signature might be observable with radar.

2. Background
Ice-crystal orientation fabric, or simply fabric, is the collective orientation of grains that make up the poly-
crystal in ice. The ice sheets accumulate mass through snowfall, which results in grains with approximately 
random orientations near the surface, so fabric is isotropic. Subsequently, deformation causes mechanical 
changes in orientation of the grains (termed lattice rotation) as well as movement of mass between grains 
or to new grains (through several processes collectively referred to as recrystallization). These processes lead 
to preferred orientations for the grains, resulting in strongly anisotropic fabrics throughout much of the ice 
sheets. The fabric at a given location is thus controlled by the ice's strain history, its temperature history 
(since it affects the rate of ice flow and recrystallization), and the in-situ stress. To the extent that strain 
history is the primary control on fabric development, fabric can act as a flow proxy.

2.1. Fabric Development

Lattice rotation is thought to be the dominant process controlling fabric development, at least in cold and 
low-stress areas (Alley, 1988). Lattice rotation results from the tendency of ice to deform primarily by in-
tracrystalline slip (see cartoon in Figure 1). Because dislocation creep is orders of magnitude easier on the 
hexagonal basal planes than on other slip systems, basal slip is the primary mechanism of deformation (Pi-
mienta et al., 1987). Lattice rotation characterizes the apparent rotation of c-axes (the axes perpendicular to 
the basal planes) such that they point toward the direction of maximum compression (Figure 1b). Though 
relatively simple, lattice rotation alone can explain the two most common anisotropic fabrics found in ice 
cores: single maxima in compression or simple shear, and girdles in tension (Figures 1c–1e). In practice, 
this means that vertical single maxima are expected beneath domes while girdle fabrics are anticipated 
along ice divides (Alley, 1988). Ice cores drilled at domes have indeed shown vertical single maxima (e.g., 
Diprinzio et al., 2005; Thorsteinsson et al., 1997). Near ice divides or on ice-sheet flanks, girdle fabrics have 
been observed most often (Lipenkov et al., 1989; Wang et al., 2002), though the girdles are relatively weak 
and underlain by a single maximum near the bed (Montagnat et al., 2014). With a few exceptions discussed 
below, ice cores drilled in cold, slow flowing areas are thus consistent with lattice-rotation-based models of 
fabric development, and thus with fabric being a proxy for flow.

Different recrystallization processes are active throughout the ice sheets, and in some cases can affect or 
dominate the fabric development. Recrystallization is traditionally thought of in a simplified “tripartite 
framework” of three processes operating at different depths: normal grain growth, rotation (or continuous) 
recrystallization, and migration (or discontinuous) recrystallization (De La Chapelle et al., 1998; Duval & 
Castelnau, 1995). Normal grain growth describes the orientation-independent increase in grain size, driven 
by grain boundary energy, in the uppermost few hundred meters of the ice sheets, and does not have a strong 
control on the fabric (e.g., Montagnat & Duval,  2000). Rotation recrystallization is caused by intragrain 
boundaries evolving into larger discontinuities, gradually creating new grains and limiting grain size, and is 
traditionally associated with intermediate depths in the ice sheets (Duval & Castelnau, 1995). By definition, 
the new grains are relatively closely aligned with the parent grains, so while rotation recrystallization can 

LILIEN ET AL.

10.1029/2021JF006306

2 of 25



Journal of Geophysical Research: Earth Surface

slow fabric development, it does not drastically alter the fabric (Montagnat & Duval, 2000). Migration recrys-
tallization describes the movement of mass to new or favorably oriented grains from highly strained ones, 
driven by both grain boundary energy and strain energy, and is active in warm or highly stressed areas of 
the ice sheets (Duval & Castelnau, 1995). In contrast to normal grain growth and rotation recrystallization, 
which have minor effects on crystal orientation, migration recrystallization can be an important or domi-
nant control on the fabric evolution in certain areas. The rate of migration recrystallization is thought to de-
pend predominantly on temperature, though strain likely also plays a role (e.g., De La Chapelle et al., 1998). 
Observations indicate that migration recrystallization activates rapidly above  10 C, even at just 1% strain. 
Once migration recrystallization is active, the fabric is controlled by the in-situ stress (which dictates the 
preferential direction for new grains) and not the strain history (Duval & Castelnau, 1995). This understand-
ing of recrystallization suggests that fabric should be most representative of ice-flow history in areas colder 
than  10 C, where normal grain growth and rotation recrystallization may impede fabric development but 
migration recrystallization is limited and lattice rotation will dominate. From the outset, it is important to 
acknowledge that the tripartite framework is a useful conceptual model, but reality has long been known to 
be more complex; for example, the processes do not truly activate/deactivate abruptly at certain depths, and 
the known dependence of migration recrystallization upon strain immediately complicates application of 
the framework outside low-strain regimes.

Many measurements of ice-core fabric support the tripartite framework for areas with low strain rate and 
deviatoric stress. For example, the Byrd core, drilled through 2,150 m of ice flowing  5m 1a , shows that 
migration recrystallization only begins below 1,800 m, where temperatures are around  10 C (Gow & Wil-
liamson, 1976). The 3050-m Greenland summit cores also show minor effects from recrystallization, with 
migration recrystallization limited to the bottom 240 m at GRIP (Thorsteinsson et al., 1997), at temper-
atures above  15 C, and in the bottom 50 m at temperatures around  10 C at GISP2 (Gow et al., 1997). 
Farther along the divide, the NorthGRIP core indicates active recrystallization at shallow depths, but it is 
not a strong control on fabric above 2,630 m, 450 m above the bed (Wang et al., 2002). The 1620-m Talos 
Dome ice core showed some evidence of migration recrystallization starting at 1,170 m, though it did not 
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Figure 1. Deformation mechanisms and resultant fabrics. (a) A cartoon of four individual ice grains within a polycrystal. Three common slip systems are 
shown as gray planes. (b) The effect of vertical compression on (a), assuming deformation takes place solely by basal slip and no other processes are active. 
Gray 0

ic  arrows indicate former orientations. c-axes have rotated toward the compressive direction, and slip has been accommodated on the basal planes. 
(c–e) The ODF (i.e., c-axis distribution) of the three most typical fabrics found in ice cores: isotropic, vertical single maximum, and vertical girdle fabrics, 
respectively. Vertical single maxima can result from vertical compression (e.g., domes) or simple shear (flank flow). Vertical girdles are expected in tension (e.g., 
perpendicular to divides).
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significantly influence the fabric until below 1,400 m, at which point the large grains made measurements 
difficult (Montagnat et al., 2012). The basal temperature was estimated to be  20 , suggesting that  10 C is 
not a firm cutoff for migration recrystallization, perhaps even at low strain rates.

Other ice cores directly challenge the tripartite framework, even for slow-moving areas where its simplifi-
cations are most appropriate. At Siple Dome, distinct bands of migration-recrystallized ice were evident as 
shallow as 200 m and as cold as  22.5 C (Diprinzio et al., 2005), while evidence of rotation recrystallization 
was found even in the firn at the EPICA Dronning Maud Land core, with further evidence of shallow mi-
gration recrystallization (Weikusat et al., 2009). Such observations led some authors to reject the tripartite 
framework entirely, proposing that strain rate, along with temperature and grain size, is a critical control on 
migration recrystallization even in slow-flowing areas (Faria et al., 2014). Moreover, the few available direct 
measurements of fabric in an ice stream indicate a possible control of recrystallization at modest depths in 
the shear margins (Jackson & Kamb, 1997), where a double-maximum fabric suggested migration recrystal-
lization. While these developments confirm that the tripartite framework is overly simplified, further work 
is needed to determine the exact role of stress and strain in activating migration recrystallization.

For the present work, it is important to note that ice streams have different conditions than most ice-core 
locations, and so recrystallization may be more active. By definition, along-flow strain rates are higher in 
ice streams since the ice must accelerate more. Ice-stream shear margins also, by definition, have high hori-
zontal shear stress and strain rates, which may enhance both lattice rotation and recrystallization. Temper-
atures in ice-stream margins are generally warmer than their surroundings, and simplified models suggest 
that they can sometimes approach  10 C through much of the ice column (e.g., Hunter et al., 2021). While 
laboratory measurements suggest recrystallization is important at stresses and strains seen in ice streams, 
perhaps even at relatively low temperatures (Fan et al., 2020; Journaux et al., 2019), further measurements 
are needed to confirm the role of recrystallization in natural settings. Here, we assume that the tripartite 
framework holds and interpret results only in areas colder than  10 C. To the extent that this framework is 
inapplicable, our results may not be usable; the implications are considered in the discussion.

2.2. Modeling Fabric

Models of fabric evolution require a formal description of fabric. Fabric can be described statistically in 
terms of an orientation distribution function (ODF), which quantifies the normalized distribution of c-axes 
pointing in different directions in orientation space (i.e., the surface of the unit sphere). In general, ODFs 
do not have closed forms, so to ease description and computation they are often expanded into an infinite 
set of orientation tensors (Advani & Tucker, 1987), where the thn  order orientation tensor, ( )na , is defined 
as the average n-fold dyadic (outer) product of the c-axes orientations (e.g.,    (2)a c c  where c is the c
-axis of an individual crystal and  denotes the mean over all grains). The eigenvectors of (2)a  describe the 
principal directions of the orientation distribution, while the eigenvalues (ordered as  (2) (2) (2)

1 2 3a a a ) indi-

cate the fabric strength along these axes. For isotropic fabrics,   (2) (2) (2)
1 2 3

1
3

a a a . For a single maximum, 

 (2) (2) (2)
3 2 1a a a , while for a girdle (2) (2) (2)

3 2 1a a a . Although a full description of the ODF must include 
tensors of every even order (odd orders are zero due to symmetry), (2)a  contains sufficient information 
(i.e., independent components) to distinguish between isotropic, single maximum, and girdle fabrics of 
various strengths and orientations, which are the most common fabrics observed in natural ice (see Durand 
et al. (2006) for a more in-depth summary of how to interpret this fabric description). Note, however, that 
other fabrics observed in ice, such as multiple maxima and diamond fabrics, cannot be represented by (2)a  
alone since it only quantifies the per-hemisphere deviation from isotropy. While the full description of a 
general ODF requires an infinite series of orientation tensors, the viscosity is thought to depend only on 

(2)a  and (4)a  (e.g., Rathmann et al., 2021), so considering lower order contributions is sufficient for models 
of dynamics.

Modeling transient changes to ice-crystal fabric on the scale of an ice stream or ice sheet has only recently 
become feasible. Representing fabric in ice-flow models is complicated by the vastly different scales that 
must be represented; the large-scale ice flow is governed by stresses over scales of 10 to 410  m, while in-
dividual crystals are often in millimeter scale. These scales must be bridged in both directions; ice flow 
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determines crystal orientation fabric, but orientation fabric also affects ice flow through directional hard-
ening. This directional hardening results from the tendency of ice to deform primarily by dislocation creep 
along its basal plane (Alley, 1992; Budd & Jacka, 1989). With equal shear stress, for a single crystal the shear 
strain rate is orders of magnitude higher perpendicular to its c-axis than parallel to it (Duval et al., 1983). If 
the c-axes of a polycrystal's grains are aligned, shear strain rates can be an order of magnitude higher than 
for an isotropic orientation distribution (Pimienta et al., 1987). Thus, models of fabric must scale the mac-
roscopic stress state down to determine crystal-fabric evolution, as well as describe the fabric in such a way 
that its effects on the kilometer scale can be quantified.

Different models have been developed to describe the effect of fabric on the large-scale flow (Castelnau 
et al., 1996; Meyssonnier & Philip, 1996; Svendsen & Hutter, 1996), the evolution of the fabric in response 
to the flow field (Thorsteinsson,  2002), or both (e.g., Azuma,  1994; Rathmann et  al.,  2021; Richards 
et al., 2021). Some microstructural models aim to capture many of the physical processes at the grain scale 
(Faria et al., 2002; van der Veen & Whillans, 1994), but it is computationally infeasible to do this in a large-
scale model. Large-scale models use various, simplified fabric descriptions. Some rely solely on two param-
eters (cone angle and deviation from vertical) to track fabric evolution (Thorsteinsson, 2002; Thorsteinsson 
et  al.,  2003), which limits the range of fabrics that can be described. More complex large-scale models 
generally track (2)a , discarding higher order tensors. However, the evolution of (2)a  depends on the higher 
order contributions. Several closure approximations have been developed to parameterize the contribution 
of (4)a  to the evolution of (2)a  (e.g., Advani & Tucker, 1987; Chung & Kwon, 2002). Closure approximations 
can be tuned to best represent the fabric evolution observed in ice (Gillet-Chaulet et al., 2006; Gagliardini 
& Meyssonnier, 1999), yet such tuning carries an implicit assumption that fabric in more complex flow 
regimes will evolve similarly to tuning locations. With the exception of one model that does not account for 
the directional variations in the effect fabric upon flow (Seddik et al., 2008), large-scale models only allow 
fabric evolution via lattice rotation, and neglect recrystallization. In addition, they ignore microstructural 
properties like grain size and dislocation density that may affect the ice viscosity structure and fabric (see 
Gagliardini et al. (2009) for a summary of modeling anisotropy). Nevertheless, these models compare fa-
vorably to ice cores (Pettit et al., 2007) and radar (Martín et al., 2009, 2014), suggesting that despite ignor-
ing recrystallization, current models capture the essential processes controlling fabric evolution at least in 
slow-flowing ice. Given this general agreement, we turn to examining what one such model indicates about 
fabric in ice streams.

3. Methods
We used an existing large scale ice-flow model, Elmer/Ice (Gagliardini et al., 2013; Zwinger et al., 2007), 
with fabric parameterized using (2)a , to model the transient evolution of crystal fabric in an ice stream. The 
model is described first, then the geometry, initialization, and boundary conditions for the different simu-
lations are presented.

3.1. Ice-Flow Model

There are three coupled processes that must be described: ice flow, fabric evolution, and heat flow. Heat 
flow has been excluded in the previous work, but we include it since temperature has a strong control on 
the effective viscosity and it will allow us to identify warm areas where recrystallization may be critical.

3.1.1. Governing Equations

Ice flow is described by the incompressible Stokes equations, which are the same for isotropic and aniso-
tropic ice. Conservation of mass implies

   0u (1)

where u is the velocity, and the momentum balance is governed by

   i 0σ g (2)

where σ is the Cauchy stress tensor, i the density of ice, and g the gravity vector. This pair of equations 
is related through a constitutive relation for ice. The typical isotropic constitutive relation, often called 
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Glen's flow law, is a Norton-Hoff power law   1
E( ) nA Tε τ , where ε is the strain rate tensor, ( )A T  a temper-

ature-dependent rate factor,    Tr( )/3 the deviatoric stress tensor, and E Tr ( )/  2  its second 
invariant where Tr denotes the trace. We use the canonical exponent  3n . Our model simulations are all 
2.5-dimensional, that is, flowbands, so the dimension transverse to flow is parameterized, requiring modi-
fications to Equations 1 and 2. In a coordinate system with x along flow and z vertical (see Figure 2 for the 
geometry), the momentum balance becomes

   
  

  
( ) 0

( )
xx yyxzxx W x

x z W x x
 (3)

and
  


  

  
   i

( )
( )

xz zz xz W x g
x z W x x

 (4)

for a flowband with width ( )W x  (e.g., Hvidberg, 1996).

To simulate the effect of crystal fabric upon ice flow, the constitutive equation is modified to account for 
the directional differences in ease of deformation resulting from anisotropy. We use a nonlinear extension 
to the General Orthotropic Linear Flow Law (GOLF; Gillet-Chaulet et al., 2005) that, by analogy to Glen's 
flow law, introduces a nonlinear viscosity depending only on the second invariant of the deviatoric stress 
tensor and neglects any effect of the (anisotropic) orthotropic invariants (Ma et al., 2010; Pettit et al., 2007). 
The constitutive relation is then

   

          

3

0 3
1

Tr( )dev( ) dev( )r r r r r r
r

τ M ε M ε M M ε (5)

where  0
1

2 
( )/ ( )E

n
A T , the  

(2)
1 6( )a  are six dimensionless viscosities that depend on the fabric, dev de-

notes the deviatoric part of a tensor, and 1 3M  denotes the structure tensors that are the dyadic products 
of the fabric's principal axes with themselves (i.e., of the eigenvectors of (2)a ). We used the canonical  3n  
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Figure 2. Coordinate system. The model uses curvilinear coordinates following flowlines. (a) Map view of geographic   ( , , )x y z  and curvilinear ( , , )x y z  
coordinates of a hypothetical flowline similar to those simulated here. The radius of curvature of the flowline at each point is r. Gray band shows the flowband, 
which can vary in width (W), generally narrowing. Red lines indicate ice-stream shear margins: solid red lines for simulations with no horizontal shear, and 
dashed for the simulations where a shear margin is imposed. (b) Cross section of model domain in curvilinear coordinates (x along flow, z vertical, and y 
transverse). The y dimension affects the model through a variable-width flowband and parameterized effects of shear strain in the x–y plane. The modeled 
velocity field is  ( , , )u v wu , and the surface velocity along flow is s ( )u x . H  is the ice thickness.
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for the exponent in 0. The viscosities  
(2)

1 6( )a  were determined by Gillet-Chaulet et al.  (2006) using a 
visco-plastic self-consistent model (VPSC; Castelnau et al., 1996, 1998). This VPSC model depends upon 
two parameters defining the ease of deformation of a polycrystal with a single maximum fabric relative 
to isotropic ice. Following the previous work (Ma et al., 2010), we adopt values tuned to match laboratory 
experiments on polycrystals with single-maximum fabrics (Pimienta et al., 1987). These imply that given 
equal shear stress, a single maximum fabric shears 10 times more quickly than isotropic ice perpendicular 
to the fabric maximum, while under equal compressive stress it compresses 2.5 times more slowly parallel 
to the fabric maximum.

Equations 3–5 are a closed description of the deformation of ice for a given fabric and temperature, but 
these evolve as well. For the fabric, we follow Gillet-Chaulet et al. (2006) and assume that fabric evolves 
solely by lattice rotation so that

        
(2)

(2) (2) (2) (2) (4)D ( ) 2 : ,
Dt
a S a a S C a a C a C (6)

where    ( ( ) ) / 2Tu uS  is the spin tensor and

      1
s E(1 ) ,nk AC ε τ (7)

where   [0;1] is an interaction parameter controlling the relative importance of bulk stress and strain rate 
in causing lattice rotation and sk  is the enhancement of shear for a single maximum fabric relative to isot-
ropy (here, taken to be 10). We take   0.06 following Ma et al. (2010), though we expect the results to be 
insensitive to this choice within the realistic range   0.1 (Martín et al., 2009). In short,   homogenizes the 
stress and strain over the polycrystal when determining its evolution, analogous to how the VPSC homoge-
nizes stress and strain when determining the bulk viscosity from single-crystal values. Equation 6 assumes 
that intracrystalline slip occurs primarily on the basal plane, which is thought to be true and produces more 
realistic behavior than simpler assumptions (Gagliardini & Meyssonnier, 1999). Because the evolution of 

(2)a  depends upon (4)a , additional constraints are required to close Equation 6. We use the so-called invari-
ant-based optimal fitting closure approximation (IBOF; Chung & Kwon, 2002), tuned to match a parameter-
ized ODF (Gagliardini & Meyssonnier, 1999), to get (4)a  as a function of (2)a  (see Gillet-Chaulet et al., 2006, 
for details). The target of the IBOF tuning carries the additional assumption that material symmetry planes 
are preserved during deformation, which is not strictly true in simple shear (Gagliardini & Meyssonni-
er, 1999), and thus may introduce some error into the final term in Equation 6. However, since the first four 
terms in Equation 6 are accurate, and the model produces the expected single maximum perpendicular to 
simple shear, we do not expect this assumption to have a strong impact on our results.

In all simulations we add an additional term, D, to the right hand side of Equation 6 for regularization, and 
we use this regularization term to attempt to assess sensitivity to rotation recrystallization. Some regulari-
zation, in the form of weakening the fabric toward isotropy under high strain, is necessary, as otherwise the 
model produces growing numerical instabilities formed by chains of hard-to-compress fabric. We imple-
ment this regularization as
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where  is a free parameter, T  is relative to the pressure melting point, and  2‖ ‖  the component-wise 2-norm. 
It is possible to choose  so that the effect on the fabric development is minimal, only eliminating numerical 
problems while not affecting the fabric development in general (for most simulations we use    32 10 , 
which only serves to fix the instabilities). However, in effect  is a decay timescale for the fabric; an infinite 
 would instantly erase any fabric while  = 0 implies that fabric lasts forever in stagnant ice. The effect of 
D on the fabric is roughly akin to that of rotation recrystallization, which is thought to impede fabric de-
velopment, and the dependence on temperature and C  was incorporated so that this process is more active 
in warmer and higher stressed areas; other models have used a similar diffusion term to represent rotation 
recrystallization (Gödert, 2003; Placidi et al., 2010; Richards et al., 2021). However, this term should not 
be seen as having a physical basis; besides allowing for regularization, it only allows for a sensitivity test to 
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confirm that results are robust to a fabric decay timescale. It cannot exclude the possibility that processes 
that create a preferred fabric different from that formed by lattice rotation would affect the results. Migra-
tion recrystallization tends to cause fabric to evolve to have c-axes well aligned for the in-situ stress rather 
than the strain history (e.g., Duval & Castelnau, 1995), and models of this process are more complex and not 
yet integrated into ice-flow models (Placidi et al., 2010; Richards et al., 2021). Further details of parameter 
choices and the form of Equation 8, and demonstration of the insensitivity of results to , are presented in 
Text S1.

To complete the model, we incorporate a time-varying temperature field which accounts for the effect of 
flow changes upon advection and strain heating. At each time step, the temperature field is updated by solv-
ing the heat equation subject to the condition that ice must be below the pressure-melting point (Zwinger 
et al., 2007). For the temperature evolution, we use the standard advection-diffusion equation, ignoring the 
component introduced by varying flowband width (which is small as long as along-flow heat gradients are 
small), so that

 
 

         
i ( ) ,Tc T k T

t
u (9)

where c and k  are the heat capacity and conductivity of ice, respectively, and   is the strain heating by vis-
cous dissipation. For simplicity, the viscous dissipation is calculated in isotropic form, that is, ignoring the 
effect of directional differences in viscosity upon the stress tensor, as     1/ ( 1)/

E: 2 n n nAσ ε ε . This sim-
plification may cause us to slightly overestimate heat production and thus temperature because the fabric 
is generally well-aligned for the dominant mode of deformation in areas where viscous dissipation is large 
(e.g., the single maximum is well aligned for shear near the bed). That is not to say that the fabric is always 
well aligned for deformation (the single maximum near the bed makes compression harder), but only that 
it is usually well-aligned for the deformation causing the greatest heat production.

3.1.2. Synthetic Horizontal Shear Strain

In some ice streams, ice enters streaming flow by crossing a shear margin rather than slowly speeding up 
and converging. Much of the ice in such ice streams may have crystal fabrics affected by the shear experi-
enced while crossing the margins. Investigating such fabrics in our 2.5-D model requires a parameterization 
of the strain perpendicular to the model plane. In order to account for this x y shear, where x and y are 
in the curvilinear coordinates of the flowband, we impose a non-zero shear-strain rate, xy, in the fabric 
evolution equations. In the general case, bending flowlines will introduce a spin that is not experienced by 
fabric in the model coordinates because of their corresponding curvature. For completeness, we include 
this effect in the fabric model, but subsequently take the radius of curvature of the flowline, r, to be infinite 
(i.e., we dictate that the model domain is straight). Following Reeh (1988), the shear strain in curvilinear 
coordinates can be written as

 
 


 1 .

2 2xy
u u
y r (10)

Shear strain rates at depth could deviate from those at the surface, so the first term in Equation 10 must be 
parameterized (this would also be the case if the surface velocities were known). We assume that the inten-
sity of shear scales with the along-flow velocity so

 


 
s

s

( )u u u z
y y u (11)

where su  is the surface velocity. Combining Equation 10 and 11, the horizontal shear strain rate in model 
coordinates can be approximated as


 

   
  s

s

1 ( ) ( )( ) .
2xy

u u z u zz
y u r

 (12)

We have assumed  r , so the second term vanishes. We neglect the contribution of an additional com-
ponent, yz, to the fabric evolution, since that term can be shown to be small (Reeh, 1988). In addition, we 
neglect the effect of the horizontal shear upon the effective viscosity; this is not entirely justified considering 
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the large shear stresses possible, but is sufficient here since we are primarily concerned with the fabric 
evolution and not the fabric's effect on the velocity profile. We do, however, include xy in the temperature 
evolution, so that we are better able to identify warm areas where recrystallization may be active. During 
each coupled iteration of the model, the computed velocity profile is input to Equation 12 to determine the 
horizontal shear strain with depth for calculating the fabric evolution.

3.2. Initialization

Since our goal was in part to simulate the time-dependent evolution of fabric after ice-stream activation, we 
first determined steady state profiles of fabric, temperature, and ice age for nonstreaming conditions; these 
outputs were then used as initial conditions for the simulations of ice-stream activation. For initialization, 
simple fabric and temperature profiles were prescribed, then the model was run to steady state with inter-
nal deformation only (thus removing any dependence on the initial guess of fabric and temperature). The 
model domain had a fixed width, 0W , was 200 km long and the thickness at the downstream end, outH , was 
2 km, though we discarded the final 25 km of the simulation in order to ensure that we excluded any edge 
effects (geometry shown in Figure 3a). Mesh resolution was 50 m in the vertical and 250 m in the horizon-
tal, allowing us to resolve sharp spatial variations in the fabric. For boundary conditions, the accumulation 
was 0.1 m 1yr , and new accumulation was assumed to be isotropic (this is the only boundary condition 
required for the fabric). Surface temperatures were held at - 25 C and the basal heat flux was 0.08 W 2m .  
Sliding used a linear Weertman sliding law, that is,  b b

mu  where   is the basal friction coefficient and 
 1m  is the sliding-law exponent. The basal friction coefficient was chosen to be very large throughout the 

domain (   3
1 2 10 ) so that no sliding occurred and all motion was caused by internal deformation; this 

value results in a basal shear stress  b = 20–80 kPa, reasonable for areas near an ice stream (e.g., Joughin 
et al., 2004). At the inflow boundary, we set  0u  and a zero heat flux condition was imposed. At the out-
flow, we sought to impose a realistic profile of internal deformation. To obtain such a boundary condition, 
we assume that the ice is isotropic, has constant temperature, and that there is no sliding, the horizontal 
velocity at depth relative to that at the surface, su , is (e.g., Raymond, 1983)
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Figure 3. Domain setups for experiments. Simulations are 2.5-dimensional, so only relative widths are important. Gray shading indicates areas where “shear 
margins” were applied in some experiments (see Section 3.3.2). (a) Model domain with flow purely by internal deformation. The high sliding coefficient, 
   3

1 2 10 , prevents any sliding. (b) “Converge everywhere” domain for streaming flow. Sliding occurs in the downstream portion of the domain, after it has 
narrowed, where   3

2 10 . In subsequent figures, the final 25 km of the domains are cut off to remove edge effects. (c) “Converge upstream” model domain. 
Convergence takes place upstream of where sliding begins. (d) “High accumulation” model domain. Accumulation is increased approximately sixfold to 
increase velocity without convergence.
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Integrating with respect to depth and taking  4n  (chosen to approximate the softening near the bed due 
to fabric and warmer temperatures that occurs within the model domain where we otherwise use  3n ), 

the corresponding flux is  s out
5
6

F u H . For the chosen accumulation rate, mass conservation dictates that 

s out( ) 12u x  m 1yr . The corresponding vertical velocities can then be calculated from mass conservation. 
Following Raymond (1983), neglecting small terms the vertical velocity profile is
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where we assume that the vertical velocity at the surface, sw , is equal to the accumulation rate, that is, the 
thickness is at the outflow boundary is in steady state so


   


10.1 m yr ,s

Sw u a
x

 (15)

where we neglect the u S x /  term due to the small surface slope. To avoid interpreting results that are af-
fected by this necessary but imperfect choice of outflow boundary condition, we refrain from interpreting 
the fabric evolution within 10 ice thicknesses (20 km) of the model outflow; in subsequent plots, the down-
stream 25 km of the domain are simply excluded.

3.3. Ice-Stream Experiments

The numerical simulations were designed to test the effect of streaming flow and shear margins upon fabric 
development. We were primarily interested in how changes to flow are recorded in the fabric through time, 
so all simulations were transient. They were, however, run until they reached steady state, allowing us to 
identify the steady-state fabrics as well. This scheme is summarized in Figure 4, where transient simula-
tions are represented by arrows transiting between steady states marked by boxes. There are three steady 
states: internal deformation only (used for initialization); streaming flow without crossing a shear margin; 
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Figure 4. Schematic of simulations and their interpretation. Boxes represent steady-state conditions, while arrows indicate transient simulations. All 
simulations were transient forward/reverse pairs (rightward and leftward pointing arrows, respectively), beginning with one steady state and running until 
the new steady state was reached. Arrow styles are used for reference in the text, but are not important here; the arrow labels indicate how the simulations are 
interpreted, figure numbers for results, and what conditions were changed to cause the evolution to a new steady state.
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and streaming flow crossing a shear margin. The simulations between these states can be categorized as 
‘forward” simulations, proceeding towards streaming conditions or introducing shear margins (rightward 
arrows in Figure  4) and “reverse” simulations that proceed back to prior conditions with pure internal 
deformation or without shear margins (leftward arrows in Figure 4).

Forward simulations introducing streaming flow (rightward solid line in Figure 4) began with the fabric, 
age, and temperature output from the initialization described above. They proceeded with different bound-
ary conditions on the downstream half of the domain, while the upstream half of the domain had boundary 
conditions that matched those during initialization. At the inflow boundary, we set  0u  and a zero heat 
flux condition was imposed. In upstream half of the model domain, the friction coefficient remained at 
  3

1 10 . The downstream half of the domain emulated the upper reach of an ice stream, with a very low 
basal friction coefficient (  4

2 10 ), which resulted in a basal shear stress of 5–10 kPa, reasonable for an 
ice stream (e.g., Joughin et al., 2004). At the outflow boundary, the horizontal velocity was imposed to be 
60  m 1yr  and uniform with depth. The amount of surface accumulation was spatially uniform, but its 
magnitude varied between simulations to ensure mass conservation in different scenarios described below. 
The new accumulation was always assumed to be isotropic. A varying profile of convergence, ( )W x , is key 
to capturing the characteristic channelization of flow into an ice stream; this is not technically a boundary 
condition, and is described in the next section. We also tested sensitivity to three potential confounding fac-
tors: a fabric erasure timescale from  in Equation 8, basal melt, and the form of the sliding law (exponent m 
and coefficient ). The results were found to be insensitive to all three, so the details are left to Texts S1–S3.

After reaching steady state with the “forward” boundary conditions, the resulting fabric, temperature, and 
age profiles were used to initialize a set of “reverse” experiments (leftward solid line in Figure 4). In these 
experiments, the basal friction coefficient in the downstream half of the domain was switched back to 
  3

2 10 , ( )W x  was set to 0W , and the outflow velocities were returned to Equations 13 and 14, causing the 
model to evolve back to nonstreaming steady state. Thus, we ran a number of paired simulations, showing 
the characteristic fabrics for developed ice streams, how long those fabrics take to form after ice-stream 
activation, and how long it takes to erase those fabrics after streaming flow stagnates. Note that these simu-
lations are not “reverse” in the sense of reversing time, only in the sense that they test the opposite pertur-
bation to ice flow than that tested in the corresponding “forward” simulation (here, ice stream stagnation 
rather than activation).

We also conducted two paired sets experiments to test the effects of shear margins in the case that an 
ice stream migrates, narrows, or widens, such that a flowline newly crosses a shear margin (dashed and 
dotted lines in Figure 4). Identifying changes to shear-margin position is important because their spacing 
determines the width, and thus the flux, of ice streams. In certain cases, particularly for the Siple Coast ice 
streams in Antarctica and the Northeast Greenland Ice Stream, shear-margin position may be controlled 
by feedbacks between flow and temperature or fabric (Minchew et al., 2018; Raymond, 1996) rather than 
through topography (e.g., Holschuh et al., 2019). Such a situation suggests that ice-stream width or lateral 
position can change through time (together termed “lateral perturbations” hereafter). Our lateral perturba-
tion experiments seek to identify how these changes could be recorded in crystal fabric. We simulated two 
types of “forward” and “reverse” lateral perturbations, differing in whether ice was initially streaming, as 
detailed in Section 3.3.2 below.

Within each of these six categories (arrows in Figure 4), we ran several simulations to assess the range of 
their effects upon fabric, as described next.

3.3.1. Convergence

Ice streams are characterized by fast flow, which is generally dominated by sliding at the bed. However, to 
transition from slow flow to streaming flow, more than a change in sliding is required; due to mass conserva-
tion, a transition to sliding from internal deformation could even reduce surface speeds since the depth-in-
tegrated transport increases. In real ice streams, flow converges from large catchments and channelizes into 
the fast flowing outlets. Convergence is also associated with compression transverse to flow, which is likely 
to affect fabric development. In order to isolate the effect of convergence while still simulating a realistic ice 
stream, we used three different profiles of lateral convergence (Figure 3). To ensure that these profiles were 
comparable, surface accumulation rates were chosen to guarantee mass balance given the boundary con-
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ditions described above. In the first convergence profile (Figure 3b), flow converges significantly upstream 
of the transition to sliding, a scenario representative of typical Antarctic outlet. In the second (Figure 3c), 
convergence takes place higher up in the catchment, but the width is constant in the region with sliding; 
this could be considered analogous to an outlet with a tongue controlled by topography. Both of these do-
mains narrow by about a factor of 10, which is realistic over 100–200 km downstream of a divide in Green-
land or Antarctica. In the third (Figure 3d), mass conservation after sliding is ensured purely by increased 
accumulation, which necessitates a 6-fold increase in accumulation rate. While the accumulation increase 
is larger than the 2–4 glacial-interglacial changes in Greenland (e.g., Gkinis et al., 2014) or Antarctica (e.g., 
Fudge et al., 2016), these simulations nevertheless allow us to minimize the effect of convergence and thus 
evaluate the effect of sliding upon fabric development (although the greater accumulation also influences 
the fabric).

3.3.2. Shear Margins

We conducted two sets of experiments that introduced shear margins, each paired with simulations re-
turning to no-horizontal-shear conditions. The first set began with internal deformation and progressed to 
streaming flow crossing a shear margin, with reverse simulations returning to internal deformation (dashed 
lines in Figure 4), and the second with streaming but no shear margins, with reverse simulations returning 
to along-flow streaming conditions (dotted lines in Figure 4). The first simulations, beginning with internal 
deformation and evolving to cross a margin into a stream, are analogous to an ice stream migrating laterally 
into an area moving purely by deformation, or widening to encompass that area. The reverse simulations, 
returning to internal deformation, mimic a location where ice was formerly streaming, but transitioned to 
internal deformation as an ice stream narrowed or moved away from that area. The second set of shear-mar-
gin experiments, beginning with along-flow streaming conditions, represents a location where ice formerly 
entered at the head of the ice stream (without shear) but now ice reaches the location by crossing a shear 
margin; this could be due to either ice-stream narrowing or lateral movement that causes the location to be 
near the edge of the ice stream rather than in its center. The reverse simulations, returning to along-flow 
streaming, represent a widening of the ice stream or lateral movement that puts the flowline near to the 
middle of the stream. Collectively, these two sets of simulations cover the most likely scenarios that could 
be observed if an ice stream changed laterally.

In both sets of experiments, shear strain was imposed at the transition to sliding (100 km into the model 
domain; shown as the gray shaded regions in Figure 3). The shear strain was determined using
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(max) 0

s m

( ) 1exp
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u z x x
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where 0 100x  km was the point of transition to sliding, m 5W  km the shear-margin half-width, and 
(max)

xy  the maximum shear-strain rate. For  0 m2x x W  and  0 m2x x W , we set  (max) 0xy . We used three 

different maximum shear-strain rates (0.0005, 0.005, and 0.05 1yr ) to capture a range of realistic margin 
conditions. For reference, shear-strain rates of the Siple Coast ice streams have peak values ranging from 
about 0.06 to 0.15 1yr  (e.g., Jackson & Kamb, 1997; van der Veen et al., 2007) and the margins of the North-
east Greenland Ice Stream have rates as high as ~0.1 1yr  (e.g., Joughin et al., 2018). Bending of flowlines 
reduces the peak shear experienced in the curvilinear coordinate system (see Figure 2), resulting in about a 
tenfold reduction in the peak shear relative to the model plane (derived along flowlines for the Siple Coast 
and Northeast Greenland using InSAR velocity maps (Joughin et al., 2018; Rignot et al., 2011)).

4. Results
We first examine the steady-state fabrics at initialization (with internal deformation only) and with stream-
ing flow, before evaluating how these fabrics develop and persist through time.

LILIEN ET AL.

10.1029/2021JF006306

12 of 25



Journal of Geophysical Research: Earth Surface

4.1. Steady State

4.1.1. Initialization

The velocity, fabric, and age of the fully initialized nonstreaming setup are shown in Figure 5. These results 
are in good agreement with previous modeling results (Martín et al., 2009) focusing on ice divides. The in-
itialized state matches the general profile of fabric observed in cores at ice divides (e.g., Wang et al., 2002), 
with a girdle-like fabric at intermediate depths transitioning to a single maximum at depth. The transition 
to a single maximum happens above the  10 C isotherm, suggesting that key aspects of the fabric are likely 
to persist even in the presence of migration recrystallization.

4.1.2. Streaming

Figure 6 shows the fabric under three different profiles of convergence. Flow patterns differ significantly 
in the three cases, which leads to some differences in the crystal fabric. Uniform convergence causes sig-
nificant lateral stress in the ice stream, which leads to much slower ice-flow speeds than might be expected 
given the lack of basal resistance. Converging upstream leads to a very sharp transition to streaming flow, 
along with a significant adjustment of the ice surface profile to steepen just upstream of the transition to 
sliding. With increased accumulation only, the transition to rapid flow is diffuse, since mass conservation 
necessitates higher flow speeds upstream of the transition to sliding as well.

Despite the differences in flow, the resulting fabrics share several common features (Figures 6d–6f). In areas 
with sliding, the component of the fabric in the vertical is weakened compared to that with pure deforma-
tion. The effect of sliding alone is approximated by the high accumulation simulation. An increase in along-
flow stretching leads to a larger component of the fabric in the y-direction (horizontal and perpendicular 
to flow), but it has a minor effect on the fabric at the speeds tested (compare downstream portions of Fig-
ures 5b and 6f). We expect that greater acceleration (implying greater extension) would increase this effect, 
and if strong enough would tend to form a vertical girdle. If there is horizontal convergence, the fabric rap-
idly tends to form a vertical girdle, with the smallest eigenvector pointing along-flow in the horizontal. This 
girdle is present at most depths for both upstream and uniform convergence (ovals in Figure 6). In both cas-
es, there is a region with temperatures colder than  10 C where fabric has switched from a single maximum 
to a girdle, suggesting that this result is robust to migration recrystallization under the classical framework.
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Figure 5. Steady state with internal-deformation only. (a) Modeled velocity, with contours indicating age. (b) Largest fabric eigenvalue, (2)
1a . Symbols indicate 

the fabric type: arrows are single maxima pointing in the indicated direction, ovals indicate girdles. Note subtle tilt to the left, consistent with the decomposition 
of simple shear into pure shear plus solid rotation. Gray shading indicates model temperatures greater than  10 C, where migration recrystallization is likely to 
be active. (c–e). Fabric orientation distributions at locations indicated in b (depths 100, 800, and 1,800 m, 170 km from the divide).
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Horizontal shear has a strong influence on the ice-crystal fabric. The steady state effect is shown in Fig-
ures 7a–7c. Throughout the ice column, the horizontal components are rotated such that the eigenvectors 
are no longer in the x z and y z planes. The amount of rotation is related to the total shear strain, and 
tends toward 45  of rotation under the highest shear rates tested (Figure 7e). While rotation of the hori-
zontal eigenvectors away from flow appears diagnostic of horizontal shear, these results are not sufficient 
to determine whether even greater shear would result in further rotation or whether 45  is associated with 
some physical limit; by analogy with simple shear near the bed, we would expect fabric to eventually tend 
toward a single maximum pointing directly out of the model plane (in y), but curvature of flowlines across 
real shear margins complicates the picture. An exhaustive search of parameter space is left for future work. 
At most depths, the shear also causes a reduction in the vertical component of the fabric, leading to a hori-
zontal single maximum fabric (Figure 7b). Near the bed, the combination of the vertical single maximum 
advected from upstream, vertical compression, and vertical shear in the deepest 100 m lead to a larger verti-
cal component of the fabric, thus causing a vertical girdle with rotation out of the y z plane matching the 
rotation of the single maximum higher in the ice column (Figure 7c); this girdle lies entirely below the  10  
isotherm, though, so is likely to be affected by recrystallization.

4.2. Transient Effects

4.2.1. Ice-Stream Activation

The time the fabric takes to respond to a transition to streaming differs depending on the rate of conver-
gence. Figure 8 shows the evolution of the fabric 75 km downstream from the initiation of sliding, at two 
different depths, through time. Regardless of the amount of convergence, little fabric evolution occurs after 
2500 years at this distance downstream, though true steady state (as shown in Figure 6) is not achieved until 
10 kyr. In the “converge everywhere” simulations, the fabric immediately begins to evolve in response to 
the newly imposed transverse stress and strain. In the “converge upstream” simulations, only minor effects 
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Figure 6. Steady-state results with streaming flow. (a–c) The x-component of the velocity, contoured with isochrones. Columns indicate where convergence 
takes place in order to cause streaming flow (everywhere, upstream, and nowhere/through accumulation respectively). (d–f) The largest fabric eigenvalue. 
Symbols indicate the fabric type: arrows are single maxima pointing in the indicated direction, ovals indicate girdles. Gray shading indicates model 
temperatures greater than  10 C, where migration recrystallization is likely to be active.
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are seen until ice that has experienced convergence arrives, followed by relatively rapid evolution to near 
the new steady state. These results only describe the response at a single distance downstream, and any ap-
plication of crystal fabric as a proxy would need to be adapted to the timescale associated with an arbitrary 
distance. That response timescale is a mix of the time to advect from areas with convergence and the rate of 
fabric evolution of a parcel of ice as it is advected, and so is not easily generalized. Results at other distances, 
presented in Figures S2 and S3, demonstrate that the response timescale is most linked to when changes in 
convergence advect to the observation site. Thus, for “converge everywhere” simulations the timescale is 
largely independent of the distance into the ice stream, while for the “converge upstream” simulations the 
transition to new fabric occurs relatively rapidly around the time that the first ice that has experienced con-
vergence arrives. In either case, most fabric evolution occurs within 2–5 kyr after the initiation of streaming, 
though there can be some small, lingering changes until ~10 kyr. The timing of the response is largely inde-
pendent of depth in all cases (compare panel (a) vs. (b), or (c) vs. (d), in Figure 8), regardless of whether the 
fabric was previously a girdle (1,000 m depth) or a single maximum (1,500 m depth).
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Figure 7. Effect of lateral changes to an ice stream upon ice-crystal fabric. (a) The largest fabric eigenvalue, (2)
1a , in steady state, with  (max) 210xy . Symbols 

approximate fabric type: arrows indicate a single maximum in the given direction, dots a single maximum into the page, and ovals indicate girdles. Gray 
symbols indicate that the horizontal components are rotated from x and y. Shading indicates model temperatures greater than  10 C, where migration 
recrystallization is likely to be active, with the different colors corresponding to different values of (max)

xy  (0.0005 in red, 0.005 in purple, and 0.05 in brown). 
(b–c) Fabric ODF at points indicated in panel (a) (1,900 m and 600 m above the bed, respectively). (d) and (e) The largest fabric eigenvalue and x–y rotation 
through time 75 km downstream of the initiation of sliding, at 1,500 m depth (at the outflow in panel [a]). Different colors indicate different values of (max)

xy  as 
in panel (a) Solid lines indicate simulations evolving toward steady state with non-zero (max)

xy  and dashed lines indicate simulations beginning with non-zero 
(max)

xy  and returning to purely along-flow streaming ((max)
xy  = 0).
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4.2.2. Ice-Stream Deactivation

After stagnation, fabric slowly transitions to its steady-state, nonstreaming conditions (Figure 9). The times-
cale for this process is much longer than after ice-stream activation, and the model takes over ten thousand 
years to return to steady state in most cases. The change in timescale is caused by two primary factors. First, 
slower flow leads to longer residence times within the former ice stream, so it takes longer for upstream 
changes to advect to a new location (see, e.g., inflection points at 10 kyr in curves with upstream conver-
gence (blue) in Figure 9). Second, fabric evolution within the formerly streaming ice is slower than before 
due to the lower strain rates, which lead to slower in-situ changes to the fabric.
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Figure 8. Fabric evolution after initiation of streaming flow through time, at two different depths 75 km downstream of the transition to streaming flow. (a–b) 
The across-flow component of the second-order orientation tensor at 1,000 and 1,500 m depth respectively (1,000 and 500 m above the bed). Different colors 

indicate how streaming is caused, and whether the flowline crosses shear margins. Black, dashed lines give reference for 
1
3

. (c–d) The vertical component.

Figure 9. As in Figure 8 but, for fabric evolution after deactivation of streaming flow through time. (a–b) The across-flow component of the second-order 
orientation tensor at 1,000, and 1,500 m depth respectively through time after deactivation. (c–d) The vertical component.



Journal of Geophysical Research: Earth Surface

4.2.3. Lateral Migration and Width Changes

When an ice stream migrates laterally, the fabric evolution is relatively straightforward within the fast-mov-
ing ice; at points downstream, the changes to the fabric occur rapidly (in less than 500 years) at the time 
when ice that has crossed the margin first arrives (Figures 7d and 7e). The reverse fabric evolution, from a 
flowline that crosses a shear margin to one that is wholly within the ice stream, similarly follows a step-wise 
pattern with nearly identical timing, and after the last ice that experienced shear advects past, it is indistin-
guishable from the fabric of a steady-state ice stream.

For a flowline that was formerly nonstreaming, but then begins to enter an ice stream through a shear 
margin, fabric timescales are similar to when ice enters at the head of the ice stream (Figure 8). After a 
flowline no longer enters a stream, for example, due to narrowing of the ice stream, the timing of fabric 
evolution is largely similar to after ice-stream stagnation. The relative strength of the horizontal and vertical 
components of the fabric takes over ten thousand years to return to nonstreaming values, but unlike during 
ice-stream stagnation this approach to the new steady state is not monotonic, and interesting intermedi-
ate states are possible as the remnant margin advects past (Figure 9). In these simulations, the horizontal 
components of the fabric remain rotated away from the flow-parallel and transverse directions for over ten 
thousand years.

5. Discussion
We first explore how these results might be used in realistic settings to understand past ice flow. We then 
discuss some limitations of the model, and how those limitations may have affected the results.

5.1. Ice-Crystal Fabric as a Proxy for Past Flow

Ice-crystal fabric must meet several conditions to be useful as a proxy for past ice-stream flow: (a) There 
must be characteristic fabrics associated with streaming flow that differ from nonstreaming flow. (b) Those 
characteristics must be preserved after the flow regime changes, preferably for thousands or tens of thou-
sands of years. (c) The changes to the fabric must be sufficiently strong as to be measurable. We address 
each of these conditions in turn.

5.1.1. Do Ice Streams Introduce a Characteristic Fabric?

Whether the fabric shows characteristics unique to streaming flow depends on how streaming flow is gen-
erated. In the upper reaches of an ice stream, lateral convergence is an important ingredient in causing the 
crystal fabric to be markedly different than that with flow by pure internal deformation. This result may not 
generalize to faster flowing regions of ice streams (i.e., where ice flow speeds are 100s of meters per year), 
where greater along-flow stretching may override effects of convergence. While this may appear to be a 
strong limitation on the usefulness of crystal fabric as a proxy, real ice streams usually display convergence 
to channelize rapid flow, suggesting that there is indeed a characteristic fabric of ice-stream flow. The simu-
lations with high accumulation sound a note of caution, though; if very large changes in accumulation are 
thought to have occurred, the consequent changes to flow may have had little effect on the fabric and may 
only be visible in regions where a significant along-flow stretching has occurred.

Fabrics that are found to be rotated from their local strain field appear diagnostic of shear in the horizontal 
plane, and horizontal single maxima, regardless of their orientation, are indicative but not diagnostic of 
shear (strong enough horizontal convergence might also cause a horizontal single maximum, but it would 
remain flow-transverse). There are few measurements to validate this result. Recent measurements of Jar-
vis Glacier in Alaska indicate that shear margins indeed exhibit stronger horizontal patterns than their 
surroundings, though the fabrics there were relatively weak (Gerbi et al., 2021). A core in the margin of 
Ice Stream B showed a double-maximum in the horizontal, consistent with our modeling but indicating 
that migration recrystallization may be active (Jackson & Kamb, 1997). Experimental and observational 
work suggest that at higher strain such double maximums transition to single maximum fabrics (Hudle-
ston, 1977), though it is not clear that the orientation of the horizontal maximum would match that found 
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here. Further work in this area is needed, likely with a 3-dimensional model; our parameterization of out-
of-plane shear imposes rather than calculates a strain rate and spin, and definitive modeling of shear mar-
gins would need a more realistic stress state.

5.1.2. Is Fabric Memory Long Enough to Use It as a Proxy for Past Flow?

Our model results suggest a strong difference in the timescales of ice-crystal fabric during ice-stream activa-
tion and deactivation, and thus in how it could be applied as a proxy. After ice-stream activation, the fabric 
adjustment is a complex mix of effects advected from converging regions and effects generated in-situ, and 
so is not governed by a simple timescale. However, it is useful to think of the fabric change in terms of an 
advective timescale  d, defined as the time it takes a parcel of ice to flow from the transition to sliding to the 
“measurement” point, here ∼1500 years for the point 75 km downstream. After ice-stream activation, re-
gardless of the downstream distance, the fabric reaches approximate steady state by 1.5 d (see Figures S2 
and S3 for examples 25 and 50 km downstream). This suggests that going further downstream would allow 
for assessment of flow over longer timescales.

Consider areas with flow speeds of 30–350 m 1yr  and within 0–200 km of ice-stream onset. Applying the 
same timescales from our results to such areas suggests that after ice-stream activation, former nonstream-
ing flow would be evident in the crystal fabric for at most ∼7 kyr. Considering only areas within 150 km and 
at flow speeds of 50 m 1yr , our results suggest that evidence of past flow would be erased by ∼3 kyr. This 
same approximate timescale would apply to lateral changes in ice stream width or position. On the other 
hand, our results suggest that in such areas relic fabric of a former ice stream would be evident on the order 
of 10 kyr after ice-stream deactivation. Fabric is likely to be preserved longest at depth, where ice flows 
more slowly, though above the bottom ∼500 m where recrystallization may be important. Again, our results 
suggest that observing further downstream is beneficial to capture relic effects before they have advected 
away. This much larger timescale results in greater potential to use crystal fabric to identify areas where 
ice moved more rapidly in the past than at present. Our results suggest that an ice stream that stagnated at 
almost any time during the Holocene could still be evident in the fabric, if such an ice stream existed and 
one knew where to look. Moreover, sensitivity tests indicate that the fabric is preserved on these timescales 
even in areas with high basal melt or if some additional process shortened the memory of fabric at depth 
(Texts S1 and S2). However, we have not exhaustively searched parameter space; it is possible that different 
rates of convergence, profiles of transition to sliding, or shear-margin widths could alter the results. As a 
result, application to realistic settings may require modeling with parameters that more closely match the 
site conditions in order to better understand the relevant timescales for those areas.

Our timescale-based results can be checked against the classical, strain-based view in glaciology that relic 
fabrics can persist through more than 100% strain when fabric evolution is dominated by lattice rotation 
(Alley, 1988). Our results are consistent with that metric. For example, at the point 75 km downstream of 
streaming onset and at 1,000 m depth, the octahedral shear strain experienced within the streaming flow 
varies from ∼20%–130% depending on how streaming was caused (see Figure S7; upstream convergence had 
the lowest strain and uniform convergence the highest). At these strains, the upstream fabric is modified 
but not overprinted. After ice-stream stagnation, when flow is by pure internal deformation, the octahedral 
shear strain experienced by that ice is ∼155%, with 118% strain occurring during the 10.5 kyr that it takes 
ice to travel between the point where sliding formerly began and 75 km downstream, again causing nota-
ble modification but not full overprinting (Figure S7). This is generally consistent with other modeling, 
which found that fabric can persist for up to millions of years depending on the strain at different tempera-
tures and stresses (Thorsteinsson et al., 2003). However, the cumulative strain does not definitively indicate 
whether a fabric will be distinguishable from that under a former flow state since the total strain can be 
similar despite different flow rates (e.g., compare high accumulation and initialization simulations). These 
similar strains and fabrics thus indicate the usefulness of the more complex modeling presented here to 
complement simple strain-based heuristics when using fabric as a flow-history proxy.

5.1.3. Can the Characteristic Fabrics of Ice Stream be Measured?

We now consider whether ice-stream effects on the fabric would be measurable. Measurements of ice cores 
can resolve the orientation of each individual grain with relatively high precision (e.g., Durand et al., 2006), 
though the inexact knowledge of the core orientation means that the horizontal components of the fabric 
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cannot be easily distinguished (Hvidberg et al., 2002). Significant changes to the vertical component of the 
fabric in most model simulations suggest that these changes should be readily resolved in ice core measure-
ments if a core was drilled in the right location. It is thus the logistical limitation of drilling a core, not the 
ability to measure a relic fabric within it that may limit the use ice-core crystal fabric as a flow proxy. Ice 
cores are usually targeted to areas with interpretable climate records (and thus little ice flow), so there may 
be little interesting flow information unless a core is specifically targeted for this purpose.

To use fabric as a proxy over large areas, it would be desirable or even necessary to use lighter weight meas-
urements of fabric. Sonic and optical fabric-measurement methods have been developed; these still require 
boreholes, though the core need not be retained (Kluskiewicz et al., 2017; Rongen et al., 2020). Both active 
seismics (Picotti et al., 2015) and passive seismics (Diez et al., 2016; Smith et al., 2017) have also been used 
to infer ice crystal fabric and to suggest the importance of fabric for the effective viscosity during large-scale 
flow, including in regions of fast flow. However, seismic fieldwork has its own challenges. A growing body 
of work uses radar to infer ice-crystal fabric without drilling, extending data on crystal fabric into more 
complex flow regimes, including ice streams (e.g., Jordan et al., 2020). These studies follow earlier work val-
idating the methods in the vicinity of ice cores (Eisen et al., 2007; Fujita et al., 2006; Matsuoka et al., 2003). 
Recent work has combined seismic observations with autonomous phase-sensitive radar (ApRES) (Bris-
bourne et al., 2019), to identify an abrupt change in fabric with depth, which was attributed to a past change 
in ice flow. In addition to dedicated polarization measurements with ApRES, the polarization of returns 
from modern radar systems has allowed for identification of anisotropic basal units in multiple locations in 
Antarctica (Ross et al., 2020).

A key question is whether these radars can detect the modeled fabrics, particularly since ApRES instru-
ments are becoming widespread. Radar measurements provide an integrated view of the fabric, with rel-
atively coarse resolution. To determine whether the changes to crystal fabric modeled here would be suf-
ficiently large as to be observable, we modeled the orientation-dependence of radar returns for different 
simulations using the matrix-based method of Fujita et al. (2006). To do so, we assume one eigenvector of 
the fabric is vertical (a reasonable approximation necessitated by current anisotropic radar models), and 
compute the real part of the dielectric permittivity in the horizontal plane (Brisbourne et al., 2019; Fujita 
et al., 2006). We then simulate the radar power returned as a hypothetical co-polarized radar system is ro-
tated by 1-degree increments in the horizontal plane. Differences in return power result from interference 
due to offset of the waves in different directions. Two effects are potentially important: birefringence, which 
results from the differential permittivity parallel and perpendicular to c-axes, and anisotropic scattering, 
caused by directional properties at the reflecting interface. Simulated returns assume that reflections are 
ten times more powerful parallel rather than perpendicular to the c-axes, near the upper end of the realistic 
range (Drews et al., 2012).

Simulated ApRES returns for 75 km downstream of the onset of streaming flow, in steady state, are shown 
in in the top row Figure 10; these simulations are a representative sample, but complete results that sepa-
rate effects of birefringence and scattering, are shown in (Figures S8–S9). If there is flow convergence, the 
radar returns are easily distinguished from those with pure internal deformation. In these streaming cases, 
the strong fabric creates a tightly spaced sequence of nodes (interference minima). These effects are much 
smaller when the streaming flow is caused by increased accumulation alone, and in that case the fabric 
may not be identifiable by ApRES (see Figure S8). Horizontal shear also has a notable effect on the fabric, 
rotating the nodes in return power by 45  from their prior position (Figure 10d). In addition, shear causes 
a step-wise change in the orientation of the broad minimum at the depth where ice begins to have crossed 
the margin upstream.

Synthetic radargrams at various times after cessation of streaming flow (second row in Figure 10) indicate 
that effects of a former ice stream could be visible in ApRES for more than 15 kyr after ice-stream stagna-
tion, even when excluding areas warmer than  10 C. As in steady state, the exact timescale depends on the 
distance downstream of the former onset of streaming flow, which is affected by both advection of upstream 
fabric and strain as the parcel of ice deforms. Nevertheless, effects of prior streaming flow can be seen for 
more than 10 kyr even 25 km downstream of the former onset (see Figures S10 and S11).
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There is also potential to obtain fabric information from mobile, polarized radar systems, which can be 
thought of as sampling a single azimuth at many points along a radar transect. A cross-polarized system 
can obtain four polarizations depending on which antennas are used for transmit and receive, which can be 
used to recover the full azimuthal dependence (Jordan et al., 2019); a single pass of the radar could allow 
identification of the fabric across space. Continuous radar inferences of crystal fabric are in their infancy 
(Young et al., 2021), but may offer the greatest potential for inferring flow changes from fabric.

5.1.4. Applications

Crystal fabric meets our proposed criteria to be useful as a flow proxy, but careful consideration is needed 
to design ApRES surveys, mobile polarized radar surveys, or ice cores that could identify flow changes. Our 
results indicate that this proxy is most useful in areas of slow flow, since in those areas past fabrics advect 
away more slowly and the stress state does not cause as rapid of evolution. Ice Stream C is known to have 
stagnated 250 years ago (Shabtaie & Bentley, 1987), and would be an ideal location to validate the use 
of this proxy. The record of margin migration could be tested at Ice Stream B, which has displayed recent 
margin migration (Echelmeyer & Harrison, 1999). Once the methodology is validated, fabric could also 
provide a useful constraint in areas where other evidence gives potentially conflicting information about 
ice-flow history, such as near South Pole (Beem et al., 2017; Lilien et al., 2018). Data collected just outside 
the margins of an active ice stream could be used to determine whether it was formerly wider, though 
to our knowledge no real ice streams have been hypothesized to have narrowed in the recent past. Some 
evidence indicates that the flow of the Northeast Greenland Ice Stream has undergone flow changes in its 
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Figure 10. Simulated radar power anomaly versus observation angle for different modeled steady states. Simulated returns are for 75 km downstream of the 
onset of streaming flow, with co-polarized antennas and typical ApRES frequency (300 Mhz). As above, gray shaded region indicates temperatures greater 
than - 10 C. (a–d) Radar power anomaly with birefringence and anisotropic scattering for flow solely by internal deformation, streaming with convergence 
everywhere, streaming with upstream convergence, and streaming with upstream convergence and horizontal shear, respectively. (e–h) Time evolution of radar 
returns at 5, 10, 15, and 20 ka after after ice-stream stagnation, respectively (streaming flow was with convergence upstream).
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upper reaches (Holschuh et al., 2019; Larsen et al., 2018), so this may be another target to investigate margin 
migration. Generally, areas where surface topography, radar isochrones, or other observations indicate that 
flow changes have occurred are logical targets for applying this work.

5.2. Model Limitations

The usefulness of ice-crystal fabric as a flow proxy relies on the long fabric memory timescales involved, 
so we are primarily concerned with assumptions that may affect the timescale of fabric evolution. Our 
model neglects processes other than lattice rotation, particularly recrystallization that may affect the fabric 
evolution. However, varying  in Equation 8 allows us to perform a test of sensitivity to an erasure times-
cale of fabric (which in effect slows development of a preferred orientation, and causes a decay of existing, 
non-isotropic fabric). This effect is similar to that of rotation recrystallization (Gödert, 2003), which also 
slows fabric development (e.g., Montagnat & Duval, 2000), though it is a phenomenological description and 
its rate is poorly constrained. Nonetheless, as long as the fabric memory is at least 250 years in warm, high-
stress ice, the results are not sensitive to this parameter (Text S1 and Figures S1–S6).

Migration recrystallization may present a larger problem, since it can lead to preferred orientations de-
pendent on the in-situ stress rather than the strain history (Duval & Castelnau, 1995). Our simulations 
show fabric changes throughout most depths, and so do not rely on areas warmer than  10 C (gray shaded 
regions in Figures 6, 7 and 10), where the classical tripartite framework indicates that migration recrystal-
lization is dominant. However, evidence from ice cores (Diprinzio et al., 2005; Weikusat et al., 2009) and 
from laboratory experiments (e.g., Fan et al., 2020) suggests that the tripartite framework cannot be applied 
when strain rates increase. Our results include areas with much higher strain rates than these ice core sites, 
and so should be interpreted with caution in those places. To a large extent, such areas coincide with high 
temperatures (nonlinearities of ice flow and fabric cause vertical shear to concentrate near the bed where 
it is warm), though convergent flow and acceleration of ice into the ice stream also lead to increased strain 
rates compared to non-ice-stream flow. Migration recrystallization is particularly concerning for the simu-
lations incorporating shear margins, since the margins are defined by large stresses and strains in shallow 
ice. However, it is not clear at exactly what strain rates migration recrystallization may become important, 
and more data from dynamic areas as well as modeling developments are needed for further investigation. 
To the extent that migration recrystallization may affect shallow, high strain areas, particularly shear mar-
gins, this work should be seen as a first step, and future work incorporating additional processes is needed 
to determine whether the conclusions are robust.

If future work finds migration recrystallization to be important in more flow regimes, it will not neces-
sarily preclude the use of fabric as a flow proxy. If migration recrystallization is active but slow, then our 
results may stand. If migration recrystallization is active and rapid, then there may be little information 
about the flow preserved. Comparison of laboratory measurements of deformation with small-scale mode-
ling suggests that below  20 C lattice rotation and migration recrystallization can happen at similar rates, 
though speeds diverge significantly by 0 C (Richards et al., 2021); however, such modeling must make its 
own approximations, and it is possible that it does not accurately capture the rate of recrystallization at all 
temperatures or stresses. Moreover, adding new processes to the fabric evolution in large-scale models can 
require fundamental changes to the modeling approach. Critically, migration recrystallization can lead to 
multi-maxima or other complex fabrics that cannot be described using (2)a  alone. Recently, descriptions 
capable of handling such complex fabrics have been developed and applied to single ice parcels, both with 
lattice rotation alone (Rathmann et al., 2021) and including recrystallization (Richards et al., 2021). Howev-
er, significant work remains to incorporate these new descriptions of fabric into a large-scale model.

6. Conclusions
Streaming ice flow produces crystal orientation fabrics that are distinct from those formed by pure internal 
deformation, confirming the expectations of prior studies. These differences are generally large enough to 
be readily observable in ice cores or with ApRES. The formation of these fabrics takes place relatively quick-
ly (1–3 kyr) after the initiation of streaming flow, suggesting that crystal fabric could be used to identify 
whether modern ice-streams have been stable over millennial timescales. Lateral variability in an ice stream 
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is imprinted, and thus could be detected, on similar timescales. After ice-stream stagnation, fabric changes 
persist much longer due to lower strain rates and slower advection. In that case, evidence of past streaming 
flow may be observed in the crystal fabric on the order of 10 kyr. The crystal fabric modeled here can be used 
to interpret ice-core and radar observations, which can be difficult to understand in complex flow regimes, 
and can potentially help constrain ice-flow history on 1–10 kyr timescales. These results assume that lattice 
rotation dominates fabric development, and are robust to recrystallization if it is limited to regions warmer 
than  10 C, but more work is needed to identify how recrystallization in cold, dynamic areas might affect 
fabric development.

Data Availability Statement
The model code used for this work is slightly modified from Elmer/Ice (Gagliardini et al., 2013) to enable 
the present experiments; the modified version is archived at doi.org/10.5281/zenodo.4469510. Code to run 
all model simulations and to reproduce all figures, is archived at doi.org/10.5281/zenodo.4469485. No new 
data were used.
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