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Ahstract
In 1976 M.W. Mahaffy published a simple model for an ice sheet
which allowed for time-varying accumulation rates and which did
not make the usual steady state assumption that the ice sheet has a con-
stant height. For this reason his model should be of interest to creation
researchers, who could conceivably use it to model the rapid growth
of a post-Flood ice sheet. This paper explains the theory and assump-
tions behind Mahaffy’s model, as well as mathematician Ed Bueler’s
clever solution for the case of a shallow ice dome with a frozen base,
resting on level ground. The results from the Mahafty/Bueler solution
are compared with the results from Larry Vardiman’s ice sheet model,

and limitations of the Mahaffy model are discussed, as are the logical
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In 1993 Larry Vardiman of the Institute for Creation Research
published an analytical model for the rapid formation of thick
ice sheets within the 4,500 years since the Genesis Flood
(Vardiman, 1993, 1994, and 2001). Vardiman’s model assumed
that post-Flood yearly accumulation decayed exponentially
from a maximum value just after the Flood to today’s “slow
and gradual” values. He implicitly assumed that at the center
of the ice sheet the downward speed of the surface ice was

next steps in creation ice core research.

proportional to the height of the ice sheet (Hebert, 2021, p.
179). This assumption helped make the math tractable, but
as Vardiman himself noted, this was a preliminary effort, and
this assumption is not necessarily physically realistic. Hence
there is a need for improved young-Earth ice sheet models,
so as to make predictions and to compare and contrast those
predictions with those made by uniformitarian models. In fact,
glaciologists have already devised ice flow models which can
be stripped of the usual uniformitarian assumptions and could
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conceivably be used for this purpose. In 1976 M.W. Mahaffy
published a quasi-analytical ice sheet model which does not
make the typical uniformitarian assumption that the ice sheet
is in “steady state,” i.e. that it has a constant height. This paper
combines Vardiman’s accumulation model with Mahaffy’s ice
sheet model to obtain a more realistic estimate of the manner
in which a 3,000-meter-thick ice sheet would grow over time.
The results are then compared with results from Vardiman’s
model. Limitations of the Mahaffy model are discussed, as are
future avenues for creation ice core research. The next four
sections provide an introduction to ice core basics. Readers
already familiar with this information may wish to skip ahead
to the section entitled “The Mahaffy Model.”

Ice Sheet Fundamentals
Glaciologists drill ice cores at geological features called ice
divides. These features are named for the fact that ice on one
side of the divide flows one way, and ice on the other side of
the divide flows the other (Figure 1). For a perfectly flat surface,
ice is deposited in horizontal layers. Assuming that no shifting
of the ice divide during buildup has occurred, ice at the divide
itself will flow neither to the right nor left, but will move straight
down as additional layers are added. It is also possible for the
ice to form a dome around the divide, so that ice flows radi-
ally outward from the divide, not just right and left. In fact, in
this paper we will be modelling the formation of an ice dome.
If we ignore possible isostatic adjustments, the underlying
bedrock is locked in place. So a horizontal layer that reaches
bedrock can no longer move downward. Furthermore, stresses
on the ice layer will cause it to become thinner over time. If

Figure 1. An idealized ice divide. Ice left of the divide flows
to the left, and ice right of the divide flows to the right. Ice at
the divide location must move straight down. Image courtesy

of Michael J. Oard.

no melting occurs, the total number of annual layers will
equal the number of years since the ice sheet began form-
ing. Nevertheless, identification of annual layers is not trivial.
Visibly distinguishable layers may not be present if annual ac-
cumulation is too small (Anonymous, 2020), as is the case in
east Antarctica (Anonymous, 2021). And even when distinct
bands are visible, multiple layers are deposited per year, and
the number of these layers can vary from year to year (Alley and
Koci, 1988; Alley, 1988). Hence one cannot naively assume
each distinct band in an ice core represents an annual layer,
as was inadvertently highlighted by creation critic Bill Nye in
2018 (Hebert, 2018). Glaciologists make educated guesses as to
how many bands should be grouped together and counted as a
year (Alley etal., 1997, p. 26368), guesses that unfortunately are
biased by circular reasoning and long-age assumptions (Oard,
2005; Hebert, 2014). Although uniformitarian glaciologists now
think they can accurately count back tens of thousands of years
with an error of 10% or less (Meese etal., 1997, p. 26413, their
Table 2), this was not always the case. Early pioneers (Hammer
etal., 1978, p. 5, their Table 1) in the field of ice core studies
thought an error of less than 10% was only possible for ice less
than 200 years old! This earlier, more pessimistic view was
likely more realistic.

Ice sheet models usually ignore variations in density, which
are very slight even for very thick ice sheets (Cuffey and Pater-
son, 2010, pp. 12-13). Hence, most ice sheet models assume
incompressibility, that the ice has a constant density (Paterson,
1980, p. 12; Cuffey and Paterson, 2010, p. 286).

In the absence of melting or calving (ice breaking off a
glacier’s edge), the volume of an ice layer remains constant
over time. The layer becomes thinner, with a corresponding
increase in the layer’s horizontal surface area, but in such a
way that the total volume of the layer remains constant.

Stress Basics

Consider a small cube of ice with length, width, and height of
dx, dy, and dz, and whose edges are aligned with the x, y, and z
axes (Figure 2). Stresses are applied forces per unit area (units
of Newtons per square meter, or Pascals) that tend to change a
body’s shape and volume. For a cube of material, these stresses
may be applied either perpendicular to or parallel to a cube
face. Perpendicular stresses are called normal stresses, while
parallel stresses are called shear stresses.

The effect that a stress has upon an ice parcel depends on
both the direction in which the applied force is pointing, as
well as where the force is applied. For this reason, two indices

are needed to specify a particular stress component O , one

ij >
to identify the direction in which the applied force is pointing,
and a second index to indicate on which pair of opposing cube

faces the force is being applied. The first subscript y in o,
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indicates a stress caused by a force pointing in the y-direction,
and the x subscript indicates that the force is being applied
to the two cube faces which are perpendicular to the x-axis,
i.e., the front and rear faces of the cube in Figure 2. O'yX is
a shear stress. Likewise, the normal stress O, , is caused by a
force pointing in the x-direction and applied to the faces that
are perpendicular to the x-direction, i.e., the front and rear cube
faces. As is demonstrated from these examples, Gy represents
a normal stress when 1 = ], and a shear stress when 1 # | .
If the applied force is the same (same size and direction)
on two opposite cube faces, the resulting stresses will tend to
translate (move) the ice parcel through space, but not deform

Figure 2. A small cubical parcel of ice.

Figure 3. The difference in normal stresses on two opposite
cube faces tends to compress or extend the cube, and dif-
ferences in shear stresses between opposite faces tend to
deform the cube.

it. Likewise, if the same shear stresses are applied to both the
top and bottom faces, the forces associated with those stresses
will tend to translate the cube horizontally, but not deform it.
In order for a stress to have a deformational effect on a small
cube of ice, the stress must vary across the width of the cube.

It is the difference in applied normal stresses that tends to
compress or extend the parcel. It is fairly obvious that the dif-
ference in normal stresses between two opposite faces will tend
to extend or compress the cube. Unbalanced shear stresses, on
the other hand, tend to (Cuffey and Paterson, 2010, p. 680)
deform the parcel (Figure 3).

To calculate the manner in which an ice sheet deforms, it
is necessary to sum up the stresses acting on a small ice parcel,
much in the same way one sums up forces to find an object’s
acceleration. For an incompressible fluid of density p, this
requires the use of a partial differential equation called the
Navier-Stokes equation (Bueler 2016, p. 2), which is the stress
balance equivalent to Newton’s Second Law.

Because an ice sheet deforms so slowly, the acceleration
(material time derivative of the momentum, or the time deriva-
tive of momentum for a moving parcel) in the Navier-Stokes
equation will be zero, and forces will be balanced in all three
directions. This is equivalent to solving the following three
stress balance equations:

00, . oo, oo
OX oy oz
do, do, 0o

OX oy 0z

oo 5O'zy oo

Strain and Velocity

Normal strain is the fractional change in one of the linear
dimensions of a material due to an applied normal stress, and
the strain rate is the time derivative of the strain. If u, v, and w
are the x, y, and z ice velocity components, it is fairly easy to
show that the three normal strain rates (for small deformations)
are given by (Cuffey and Paterson, 2010, p. 679)

ou . o . oW
= = €n =7
0z

Eu =" & (2)
XX ax Yy ay
Negative normal strains will compress a parcel, while posi-
tive normal strains will expand it. The shear strain rates (again,

assuming the deformations are small) are given by (Paterson,
1980, p. 16; Cuffey and Paterson, 2010, p. 680):
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Glen’s Flow Law

A very important relationship is Nye’s (1957) generalization
of Glen’s experimentally-determined flow law (1955), which
gives the relationship between stress and strain in ice, discussed
below. Stresses can either change the volume of a body or its
shape. Volumetric or hydrostatic stresses are associated with
changes in volume, whereas deviatoric stresses or stress devia-
tors are associated with changes in shape (but not volume).
Since ice is essentially incompressible, the shape of an ice
parcel can change, but not its volume. Hence one might expect
that the flow law would be expressed in terms of deviatoric
stresses, and that is indeed the case. The “stress deviator” is the
part of the normal stress in excess of the mean stress. For an
isotropic material, this mean stress is -P (although the hydro-
static pressure P is positive, the stress caused by P is -P, since
hydrostatic stress is compressive). Hence, the “stress deviators”
or “deviatoric stresses” 7; are:

r; =0y —(=P9o;) = oy + P& (4)

where J, s the Kronecker delta, which is defined to be 1 when
i=j,and 0 when i # j. Because the Kronecker delta is equal
to zero when i # j, Equation (4) implies that a shear stress is
always deviatoric, which makes sense, since shear stresses
change a parcel’s shape but not its volume. It is only the normal
stresses (for which i = j and the Kronecker delta is 1) that can
be expressed as the sum of volumetric and deviatoric stresses.
As noted earlier, we want to express the flow law in terms of
the deviatoric stresses 7;; . Since the ice is already assumed to
be isotropic, the strain rates can be expected to be in the same
direction and proportional to the stresses (Paterson, 1980, p.

15; Bueler, 2016, p. 6):

, 1
gXX :2 XX
n
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where 7 is the effective ice viscosity. Analogous expressions
hold for the other strain rates. Because the flow law is a physical
property of the ice, its mathematical form should be indepen-

dent of the choice of coordinate axes (Paterson, 1980, p. 15).
Nye (1957) proposed defining the effective strain rate & and
the effective shear stress 7 as

22 _ a2 - 2 - 2 - 2 - 2 - 2
26" =¢,, te, +é, +2(,9Xy +é, +£,°)

2 _ 2 2 2 2 2 2
2t° =1, +7,° 47, +2(rxy +7, +7,°)

Since these quantities are the second invariants of the strain
and stress tensors, respectively, they are unaffected by a rota-
tion of the coordinate axes (Paterson, 1980, p. 16), and we can
express Nye’s generalization of Glen’s Flow Law as

&=AT)", (7)

where A(T) is the temperature-dependent “softness” of the
ice (warmer ice is softer than colder ice). The exponent n is
normally taken to be 3 for glacial ice. Equations (5) and (6)
imply that

.1
E=—7T (8)

2n

For n = 3, Equations (7) and (8) imply that
1
— = A(T)7? 9)
21
Finally, this gives us the relationships

é =AMz, &, =AMz, (10)
with analogous relations holding for the other strain rate
components.

Since the ice is assumed to have no rotational accelera-
tion, the torques about any point in the ice must be zero. This
condition is satisfied if the stress tensor is symmetric (Cuffey
and Paterson, 2010, pp. 675-676), so that 7, =7, etc. By
Fquation (10), the strain rate tensor is also symmetric, with

Egy = Eyr etc.

The Mahaffy Model

Mahaffy’s (1976) ice sheet model does not assume the ice to
be in steady state. Hence, his model is of interest to creation-
ists. Although Mahaffy considered the more general case of an
ice sheet on non-level terrain, we will begin with the simpler
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case in which the bedrock under the ice is perfectly flat. We
also treat the ice as isothermal, so that the ice softness A(T) is
a constant A. Finally, we assume that there is no melting at
the base of the ice sheet, so the ice is frozen to the bedrock.

Consider the ice sheet depicted in Figure 4. Ata given time,
the height h of the ice sheet can vary from place to place, as
shown in the diagram. In other words, at a particular time, h
is a function of the horizontal coordinates x and y. We will use
H = h (0, 0) to denote the height at the center of the ice sheet,
i.e. the divide location.

Consider also a thin column of ice with height h(x, y) and
having a square base with sides of length 1 meter (Figure 5).
We define ¢_to be the volume of ice that flows horizontally
(in the x-direction) into the column in a time dt.

z=h z=h z=h
q, = f u(Ay)dz = J' u(d meter)dz=j udz (11)
z=0 z=0 z=0

Note that if g(x) equals g(x+1), so that g, /ox = 0, there
will be no net inflow or outflow of ice (in the x direction) into
the column. On the other hand, if g(x+1) is less than g(x), so
that 6q, /ox <0, there will be a net inflow of ice, which will
tend to cause the height of the ice column to increase. Like-
wise, a positive partial derivative corresponds to a net outflow
of ice. Similar relationships hold for the y-direction. The net
horizontal flow of ice into or out of the column will tend to
change the height h, but so will the deposition of accumulat-
ing ice, indicated by b . In general, b is a function of both
position (x, y) and time t.

Hence, the height h(x, y, t) of the ice is governed by the
continuity equation:

Figure 4. Coordinate system used in Mahaffy’s ice sheet
model.

oh_,_ o4, %y (12)

ot ox oy

Glaciologists have long assumed that the shear stress par-
allel to the bed is most important when discussing ice flow
(Weertman, 1961, p. 954). Hence Mahaffey ignored deforma-
tion due to normal stresses, as well as deformation due to shear
stresses in the vertical direction. In other words, he assumed
that the ice sheet undergoes deformation due only to shear
stresses in the x-y plane. This implies that the strain rates are:

Ex=6,7206,=¢,#0
Ey =&y = (13)
Exx = yy S 0

Equation (10) implies that the corresponding (deviatoric)
shear and normal stresses are also zero. From Equation (4), it
follows that o, = o, = &,, =—P . We also assume that verti-
cal normal stress changes much more rapidly in the vertical
direction than do the shear stresses in the horizontal directions:

(14)

Figure 5. Horizontal fluxes (x-direction only) of ice flowing
into and out of a column of ice.
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The stress balance equations (1) then reduce to

Jo or

X =0
OX 0z (15)
90y 0%
oy 0z
aO-ZZ —
e =p9

Atmospheric pressure is negligible compared to the pressure
inside the ice, so we may take the pressure at the surface to
be P (z = h) = 0 without loss of generality. Integrating the last
of Equation (15) and applying this boundary condition give:

zz:_pg(h_z)zo-xxzo-yy (16>

We further assume that the slope of the ice at the surface
is small in both the x and y directions. This is a reasonable
approximation at most locations in the ice, except at the
edges, which can have steeper slopes. Also, as discussed later,
normal stresses cannot really be neglected at the center of the
ice sheet. Nye (1952, p. 86) argued that, for ice sheets with
shallow surface slopes, the shear stresses depend mainly on the
surface slope and the weight of the overlying ice. For shallow
surface slopes, the shear stresses parallel to the ice surface are
approximately horizontal, and we can approximate them as

ch
OX

N
| [

Xz _pg(h Z)
(17)

oh
Ty =Ty z_pg(h_z)a

We have just implicitly made the “shallow ice approximation.”

Equation (3) and (10) imply that

18)
_1fow 4, ov) — 2 (
gzy —E(E‘I‘E) = A(T)T sz
where

P =1, +1,° (19)

since all the other deviatoric stresses are zero.

Mabhaffy also assumed that 6V > / Ax and AZ > /
As can be seen from the flow lines in Figure 1, the vertical
variations in the horizontal velocities u and v are much greater
than the horizontal variation in the vertical velocity w, and this

assumption is justified. After eliminating the partial derivatives
of w with respect to x and y, we obtain

ou ) )
E—ZA(T)(TZX +sz )sz
ov
—=2AM)(7,° +
— =2AM)(z,

2
sz ) sz

Inserting Equations (17) into Equations (20), integrating
twice with respect to z, and making use of the boundary condi-
tions u(x,y,z=0)=0andv(x,y,z=0) =
expressions (Paterson, 1980, p. 43) for the horizontal velocity
fluxes ¢ and g :

0 yields the following

A (X y,) =—2 AT)(pg)’a’ (£3)°
6, (x,y.0) = —2 AT)(pg)°a’ (%) h°

<

—
[N
—_

~—

=

where

is the magnitude of the surface gradient. Since the greatest
horizontal fluxes occur deep in the ice, A should be weighted
in favor of the values of A deep in the ice. However, since we
are treating the ice as isothermal, we do not need to worry about
this complication, and we treat A as a constant. If we define

r=2A(pg)’ (23)

then we may combine Equations (21) into a single expression
for the flux vector §:

q=-Th*|vh| vh (24)

A Clever Solution

Bueler (2016) presents a very clever solution. Note that we
can express the continuity equation (12) in terms of the flux
vector (:

oh _
—=b(x,y,t)-V-§
o (% y,t)-V-q

oh —b(x y )+ V- (Fh5|Vh| Vh)
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Bueler (2016, p. 8) draws our attention to similarities be-
tween Equation (25) and the 2-D heat equation:

;m%%:f+vxﬁﬁ) (26)

where f is a heat “source” term, p is density, ¢ is specific heat,
and « is thermal conductivity. If we divide both sides of Equa-
tion (26) by pc, the result has the same mathematical form as
Equation (25):

A F4v.(DVT) (27)
ot
where we have defined D and F as
D=2
ﬁc (28)
F=—
pC

The choice of the letter D in Equation (27) is appropriate,
because the heat equation is actually a diffusion equation: any
localized temperature ‘spike” will spread out, with the peak
becoming shorter and broader over time. Note that the same
thing will be true for an ice peak; the ice flows in such a way
that the ice peak becomes shorter and broader over time. We
can thus treat the flow of the ice as a diffusion problem if we
define our position and time-dependent ice “diffusivity” to be

D(x,y,t) =Th®|Vh| (29)

Bueler (2016) describes how Equation (25) may be solved
using an explicit, finite difference solution with adaptive
time-stepping, and he provides a sample MATHLAB code for
doing so. I “translated” his code into an IDL (Interactive Data
Language) code I named mahaffy_vardiman_dome.pro, and
used my version to simulate the growth of a large isothermal ice
dome with a frozen base. Details and subtleties of the method
are given in Bueler (2016).

Test Case
[ applied Vardiman’s (1993, 1994, 2001) model for post-Flood
ice deposition

b(t) =)“—H(d>e‘““’ +1) (30)
T

Figure 6. The accumulation rate (meters of ice per year)
used in this exercise, calculated from Vardiman’s model
using values of ® = 450, ¥ = 255 years, and A/t = 0.0284
meters of ice per year. Although hard to see on this graph,
for large times, the accumulation does not go to zero but
asymptotically approaches A, /1.

to an isothermal, symmetrical ice dome on perfectly flat bed-
rock. I chose parameter values relevant to the EPICA Dome C
ice core. The accumulation rate is A/t = 2.84 centimeters of
ice per year, the present-day ice accumulation at the ice core
location (Parrenin etal., 2007, p. 248). The parameter @, used
to “scale up” the amount of Ice Age precipitation compared
to the present-day value, was set at 450. The e-folding time ¥
(the time for the initial post-Flood accumulation rate to drop
to 37% of its initial value) was set to 255 years. This produced
the accumulation curve shown in Figure 6. The ice softness
A was set to 1.0x101% Pa? year! (Bueler, 2016, p. 16). The
density of the ice was taken to be 910 kg/m?, and the accel-
eration due to gravity was 9.81 m/s%. Note that, although we
are using parameters appropriate to Dome C, this exercise is
not a realistic simulation of the real Dome C. Real ice sheets
are not isothermal (Paterson, 1980, p. 39), and we have not
taken into account possible basal sliding or isostatic sinking
(Parrenin et al., 2007).

The simulation was run with a starting dome radius R
of 1000 kilometers, with 101 grid points in both the x and y
directions. Because the horizontal plotting surface was 4000
km by 4000 km, this resulted in a horizontal grid resolution
of Ax = Ay = 40 km. The large radius was chosen because, in
Oard’s Ice Age model, snow is expected to be deposited over
large areas in ‘snowblitzes” (Oard, 2006, pp. 77-81). Thus one
would expect accumulation to cover large areas even after just
one year of deposition. For each iteration, the ice was allowed
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Figure 7. The ice dome calculated from Mahaffy’s model using Bueler’s diffusive solution for A) 500 years, B) 1000 years,
C) 2500 years, and D) 4500 years. The dome height is greatly exaggerated compared to the dome radius.

to fall for all values of x and y such that x? + y? was less than or
equal to the fraction f = 0.85 of the dome radius for the cur-
rent iteration. There were two reasons for doing this. First, one
would expect continuing accumulation to occur everywhere,
except perhaps at the periphery of the ice sheet. Second, and
more important, the discrete nature of the horizontal grid
implies that the number of pixels along the dome radius is

slightly greater if the radius is parallel to a horizontal axis than
atan angle to it. Because the new value of the dome radius was
measured along the x or y axis at each time step, this pixilation
effect would cause ice deposited along the axes to fall outside
the current dome radius if f were set to 1.0. This would result
in the dome radius becoming larger and larger, simply due to
roundoff error.
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Figure 8. Side view of ice dome at t = 4500 years.

The results are shown in Figures 7 and 8. Initially the ice
sheet is a perfectly flat circular slab with a starting height equal
to the first year’s total ice accumulation of 12.8084 meters.
Because the slab surface is flat (surface slope of zero) the driv-
ing stresses are zero, except at the edges. These stresses cause
the slab edge to become rounded as the ice spreads radially
outward. After 500 years, the ice divide is 2821 meters high, but
much of the slab is still flat. Hence, forming a thick Antarctic
ice sheet in the time after the Flood seems feasible, provided
that the starting post-Flood accumulation is on the order of
10 meters/year, as suggested by Oard (2021). After 1000 years,
the dome has increased in height to 3229 meters and become

a little broader, but the top is still truncated. At 2500 years, the
dome is 3336 meters high, with a slightly truncated top. After
4500 years, the height has subsided a little to 3277 meters,
but the dome has become slightly broader with a pointed top
(Figure 8).

Consistency Checks

My IDL code did not assume the ice dome to be symmetrical
about the lines x = 0 and y = 0, yet one would expect this since
precipitation was deposited in circular sheets centered on the
origin. That this is the case is encouraging. Also, because the
ice is incompressible, the total volume of ice deposited in 4500
years should equal the final dome volume. Summing the total
volume of ice deposited over 4500 years and directly calculating
the dome’s final volume both yield 8.590x10" m® of ice, as
expected (however, when doing this calculation, one must take
into account the discrete nature of the ice “blocks”). Finally, it
is encouraging that the final dome has a pointed “peak,” with
non-zero slope (Figure 8), as this is demanded from theory.
Since the driving stresses are proportional to the surface slope,
a final slope of zero at the divide location would prevent ice at
the divide from flowing outward.

Discussion

The results are highly sensitive to the choices for @ and V.
If the choices of @ and ¥ are too low, the final dome height
is relatively small, considerably less than 3000 meters. If the
choices are too large, the dome becomes extremely thick, with a
final height of more than 4,000 meters.
After much trial and error, I was able
to obtain results similar to Vardiman’s

= B by using the stated choices of ® and P.

3000 //f Figure 9 is a comparison of the results

/ from the two models. The actual height

o 200 of the Dome C ice core is 3273 meters

. / (Parrenin 2007, p. 244). After 4500

£ / years, Vardiman’s model yields a final

£ 1500 Wiahafly height of 3266 meters, and Mahaffy’s

é / _____ Vardiman model, combined with Vardiman’s ac-

© 1000 cumulation model, yields a final height
<00 / of 3277 meters.

N
0 500 1000 1500 2000 2500 3000 3500 4000 4500 Caveats and Future Research

Time After Flood (years)

Figure 9. Height of the ice divide H as a function of time, calculated from both
Mabhaffy’s and Vardiman’s models and using in both cases the values of @, ¥,

and A/t specified in the text and Figure 6.

Biblical creationists should be espe-
cially interested in ice behavior at the
center of the ice sheet, as ice cores are
drilled near the center. Specifically, we
would like to know the true thicknesses
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of annual layers at the center of the ice sheet. Unfortunately,
Mahafty’s model ignores normal stresses/strains, but these
cannot really be ignored at the center of the ice sheet or at
the edges (Paterson, 1980, p. 43). In fact, because it is the
surface slope that drives horizontal movement of the ice, in
the Mahaffy model u = 0 and v = 0 at the center of the sheet
as long as the slope at the divide remains zero (Figures 7d and
8). As result, horizontal shear at the divide is also zero until
the divide slope becomes non-zero, at which point horizontal
shear finally causes the ice layers at the divide to begin thinning.
Since layer thicknesses depend on normal stresses/strains at the
divide location, it may be problematic to use Mahaffey’s model
to find these thicknesses. However, this may not be a large
source of error, as Weertman (1961, p. 953) noted that these
normal or longitudinal strains are only important for smaller
ice sheets, about 30 kilometers in width. Since the Antarctic
and Greenland ice sheets are much larger than this, it may
still be possible to use Mahaffey’s model to obtain estimates
of annual layer thicknesses at the center of a large ice sheet.

Mahaffey’s model may be modified to take into account
variations in topography of the underlying bedrock, and, to a
lesser extent, may take into account variations in ice tempera-
ture, by “weighting” the value of A(T) toward temperatures near
the base of the ice, since this is where the greatest amount of
horizontal flow occurs (Figure 1).

Another logical step is to solve the simple cases of isother-
mal (infinitely) long ice ridges and isothermal symmetrical ice
domes, using the more rigorous Blatter-Pattyn (Blatter 1995;
Pattyn 2003) solution, which does not ignore longitudinal
stresses. Those results can then be compared with those pre-
sented here. A detailed discussion of the Blatter-Pattyn model
and its solution is provided at http://websrv.cs.umt.edu/isis/
index.php/Blatter-Pattyn_model. Because of symmetry, these
simplified problems are two-dimensional, which should help
reduce computation times. The freely-available Community
Ice Sheet Model (or CISM, Lipscomb et al. 2019) uses the
Blatter-Pattyn method, but it is a complicated, modular code,
and I have had difficulty getting it to work. Hence, it may be
necessary to write my own code to obtain these solutions.
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