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Abstract Application of an ice sheet model developed
for the Pleistocene to the extensive Carboniferous
glaciation on Gondwana yields an ice sheet which has
several features consistent with observations. While
complete deglaciation is not achieved without CO,
changes, the Milankovich-induced fluctuations in ice
sheet volume are comparable to Pleistocene glacial/
interglacial signals. This result is shown to hold for
a large fraction of physically reasonable parameter
space. The model also exhibits multiple equilibria and
sharp bifurcations, as infinitesimal changes in the solar
constant or precipitation can lead to a qualitatively
different climate. The success of the model in predicting
ice location in an environment quite different from the
Pleistocene provides additional support for the robust-
ness of the basic model physics and suggests that the
model can be applied with some confidence to other
pre-Pleistocene glaciations.

1 Introduction

There have been four major phases of glaciation in
the last billion years (Crowell 1978; Crowley and
North 1991), the late Precambrian (600-800 Ma),
Late Ordovician (440 Ma), Permo-Carboniferous
(275-330 Ma), and late Cenozoic (0-40 Ma). Although
substantial efforts have been expended on modeling the
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most recent phase of Pleistocene glaciations (Crowley
and North 1991), and progress has been made on
identifying critical boundary conditions for inception
of pre-Pleistocene glaciers (Crowley and Baum 1992,
1993, 1995; Berner 1994), there has been limited ap-
plication of Pleistocene ice sheet models to the earlier
glaciations in Earth history. A notable exception in-
volves ice sheet model sensitivity studies relevant to the
initiation and expansion of the Antarctic ice sheets
(Huybrechts 1994). Such applications are valuable for
several reasons: (1) they provide more insight into pre-
Pleistocene climates; (2) they afford an opportunity for
testing the robustness of the model physics; and (3) they
are a critical step in the development of a comprehens-
ive theory for glaciation in Earth history.

In this work we bring together the above two strands
of research and apply a Pleistocene ice sheet model to
the Permo-Carboniferous glaciation. This time period
was characterized by extensive glaciation on the super-
continent of Pangea as shown in Fig. 1 (Parrish et al.
1986; Frakes et al. 1992; Ziegler et al. 1997). Prior
climate modeling work suggests that the seasonal cycle
on Pangea (Crowley et al. 1989; 1991; Kutzbach and
Gallimore, 1989) is large enough that the climatic re-
gime on this supercontinent was qualitatively different
from that of the Pleistocene. We employ an ice sheet
model (Tarasov and Peltier 1997b) that has successfully
simulated the timing, location, and ice volume changes
of the last glacial cycle (last 122000 y).

2 Model description

The model of Tarasov and Peltier consists of four major compo-

nents, which are modeled as follows:

1. Ice height is predicted by a two dimensional vertically integrated
ice sheet model based on the Nye formulation (Nye 1959), in
which both internal deformation and basal sliding are accounted
for by a strong shearing flow near the bedrock, and the shallow
ice approximation is used.

2. The ice sheet is coupled to a local damped-return to equilibrium
bedrock model with a relaxation time of 5000 y. While the actual
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Fig. 1 Evidence for extensive
Carboniferous glaciation on
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physics of the bedrock response is more complicated, this simple
model provides a reasonable approximation to the detailed vis-
coelastic model (Tarasov and Peltier 1997a; Peltier 1996).

3. The ice model is driven by a mass balance model modified from
those of Reeh (1990) and Huybrechts and T’Siobbel (1995). This
itself has two distinct components, precipitation and ablation.
Ablation is determined through a heating degree day formula-
tion. Given the monthly mean temperature, the number of heat-
ing degree days is computed by a normal statistical model with
a standard deviation in daily temperatures of 5.5 °C. The melting
rate is set proportional to the yearly total of heating degree days,
with snow and ice melting at different rates, snow being melted
first, and excess energy used to melt ice. Sixty percent of the
snowmelt is assumed to refreeze and snow which survives the year
is assumed to become ice. The precipitation model requires as
input a base precipitation field, which for the Pleistocene simula-
tions of Tarasov and Peltier (1997b) was taken from present day
monthly climatology. This base field is then modified for changes
in temperature (through an exponential approximation to the
Clausius-Clapeyron equation) and elevation (precipitation is re-
duced through an “elevation desert” effect when the ice sheet
surface is above 2 km in height). The fraction of precipitation
which falls as snow is also determined by a statistical model based
on mean monthly temperatures, as in Reeh (1990).

4. The required temperature fields are computed by a modified
version of the two dimensional nonlinear energy balance model
(EBM) originally presented in North et al. (1983) and generalized
in Hyde et al. (1990). The EBM is a spectral model, the temper-
ature fields being solved to eleventh order in a spherical harmonic
expansion and to second order (annual mean, annual cycle, and
semi-annual cycle) in time. The model resolves the seasonal cycle
of temperatures as a function of geography with seasonal snow
and sea ice fields being computed by a critical temperature rule.
As discussed in Hyde et al. (1990), the EBM best reproduces the
current climate if land surfaces are regarded as snow covered
when the average monthly temperature is below — 2°C, and the
critical temperature for sea ice is taken to be — 4°C, the two
degree gap representing the lower freezing point of seawater.
Continental areas are represented as having a very low heat
capacity (essentially that of the atmospheric column) while the
oceans are represented by a mixed layer of about 75 m thickness
with a much higher heat capacity. As a result the seasonal cycle
over the ocean is small, while that far inland is large. Given that
a small seasonal cycle is favorable for the growth of ice sheets, the
degree of continentality and oceanic influence will be a key factor
in determining the locations of ice sheet nucleation. Numerous
intercomparisons indicate that this model has a sensitivity com-
parable to that of more complex general circulation models
(Crowley et al. 1991).

The EBM can be applied in one of two distinct models. If we
wish to simulate a climate not too radially different from one we

know well (e.g., the current climate) the model can be run in
perturbative mode. In this case the mean monthly temperature
consists of the base (e.g., contemporary) value, plus a perturba-
tion computed by the EBM due to orbital, albedo, and topo-
graphic change. This approach has the advantage that features
not included in the EBM (e.g., the effect of the Tibetan Plateau)
are retained in the temperature field. If we do not have a base
temperature field, the EBM can be run in forward mode, in which
temperature is computed directly, as in Hyde et al. (1990). For our

Carboniferous experiments we employ the EBM directly rather

than in perturbative mode.

5. No ice shelf dynamics are included in the model, ice flowing into
the ocean is removed by an artificially large ablation rate which
simulates calving. Although the ice model employed in this work
contains several simplifying assumptions, a fully three-dimen-
sional thermomechanical version of the model yields no signifi-
cant difference in predicted Pleistocene ice volume, though
a marked improvement in the topographic structure of the pre-
dicted Pleistocene ice sheets does result (Tarasov and Peltier
1999).

The ice and bedrock equations were solved on a 0.5 x 0.5 degree
grid, with a model domain from 85 °S to 35 °S (the three million year
run discussed in Sect. 3 was run on a slightly smaller domain,
extending south to 80°-owing to the nature of the differential
equation solver the simulation time increases rapidly the closer the
ice is allowed to approach the pole). No ice was allowed to flow
through the southern boundary, nor was ice allowed to accumulate
in the Northern Hemisphere (though the EBM does predict snow
and sea ice there, and the albedo effect of these fields on temperature
is included). We will defer discussion of a possible Siberian ice sheet
to a later paper.

3 Carboniferous houndary conditions

For the Carboniferous (Westphalian) simulations (306 Ma) model
inputs include paleogeography, Milankovitch forcing, CO, levels,
topography, precipitation, and the solar constant. Paleogeography
and topography are taken from Scotese (1986), while the average
height of the land surface where no topography is specified is taken
to be zero. In Sect. 5 we will test the sensitivity of the model to these
paleogeographic boundary conditions.

In order to minimize the number of adjustable parameters in the
model, our base precipitation was initially taken to be the average of
current Northern Hemisphere land values and also constant in space
and time (though this base value is modified by temperature and
elevation changes as described above). While this choice is some-
what arbitrary, it allows easier comparison with the Pleistocene
results of Tarasov and Peltier (1997b) and is qualitatively resonable
in that Eurasia is the closest analog to Gondwana of today’s land
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Fig. 2 Evolution of solar luminosity versus time as computed in
Endal and Sofia (1981) and scaled by Crowley et al. (1991). Two
different scales are used, representing different estimates of the initial
composition of the Sun’s core, and hence of initial luminosity

masses. In Sect. 5 we will present sensitivity experiments with a num-
ber of somewhat more realistic input precipitation fields.

Geochemical models (Berner 1994), which have been semi-quant-
itatively validated against proxy CO, data (Berner 1997), suggest
that CO, levels for the Carboniferous were approximately the same
as at present. We therefore used contemporary CO, levels (exept
where otherwise specified) and did not change CO, during glacial
cycles as is done in Tarasov and Peltier (1997b).

Though the periods of variation in longitude of perihelion and
obliquity were slightly different at 300 Ma, the differences are less
than 10% (Berger et al. 1989). We have therefore used the Milan-
kovitch forcing appropriate to the next four million years in our
simulations (Berger 1978).

A key input for model simulations is solar luminosity. Solar
models suggest that the insolation at this time was ~2.5-3.3%
below contemporary values (Endal and Sofia 1981; Crowley et al.
1991) (Fig. 2). EBM studies and general circulation model (GCM)
work (Crowley et al. 1991; Crowley and Baum 1994) indicate that
the large seasonal cycle on Gondwana renders summer temper-
atures too high for the survival of ice year round without some
decrease in solar constant.

4 Baseline experiment

We first discuss a 3.2 million year long baseline experi-
ment with boundary conditions as specified above,
and a solar constant taken to be 3% below the current
value. In this case, the model predicted ice sheet nu-
cleates on the West Antarctic coast, eventually growing
extremely large (x150 x 10°%km?) and covering the
bulk of Gondwana (Fig. 3). For comparison, model
predicted ice volume (North America and Eurasia)
at the last glacial maximum is about 35 x 10° km?, in
reasonable agreement with observations (Peltier 1994).
At maximum the ice extends to 45°S and is consistent
with some reconstructions of Carboniferous glaciation
(Parrish et al. 1986; Powell and Veevers 1987; Ziegler
et al. 1997; Scotese and Golonka, 1992; Eyles 1993). In
particular, the ice sheet border in northern Africa

(Fig. 3) agrees well with a recent estimate of the north-
ern limit of glaciation (Wopfner and Casshyap 1997).
The most significant model-data discrepancies involve
possible overestimation of ice extent in the east African
sector and failure to simulate an extension of ice as far
north as 30°S along western South America. The for-
mer response could reflect a uniform precipitation field,;
one would expect some reduction of ice in this area due
to the normal pattern of decreased moisture in conti-
nental interiors. On the other hand, some sources (e.g.
Visser 1997) place ice in the Congo basin, though at
present the dating of these deposits is not sufficiently
precise for us to claim that they are contemporaneous
with our modeled ice sheets.

With respect to South America the difficulty is that
there is a plethora of possible explanations for the
model’s failure. For example, we could possibly induce
the model to glaciate this area by increasing local
precipitation or topography, incorporating an epicon-
tinental sea over part of South Africa, or mimicking
a cold eastern boundary current off the coast. All of
these changes are plausible, given the degree to which
the boundary conditions are known. Additionally, the
glacial deposits in this area might have resulted from
mountain or piedmont glaciers, rather than a large ice
sheet. Better input data and a higher resolution climate
model are required before this question can be rigor-
ously addressed. Nevertheless in the next section we
will attempt to evaluate several of the above possibili-
ties.

Our modeled ice sheets are almost always single-
domed, though Carboniferous reconstructions (e.g.,
Eyles 1993) are multi-domed and separate. While this
may again be due to an excessively simple topography
or precipitation pattern, there is reason to believe that
this problem will be better addressed through a fully
coupled thermomechanical model (Tarasov and Peltier
1999). 1t is also possible that the incompleteness of the
geologic record could lead to a misinterpretation of
Carboniferous ice sheet dimensions.

While there is no deglaciation in the baseline run,
the ice sheet fluctuates substantially under Milan-
kovitch forcing (Fig. 4). The warm “precessional sum-
mers” cause a considerable retreat of ice in the more
continental locations (Fig. 3), while areas which are far
south and/or have a marine-influenced climate are rela-
tively unaffected. This response is qualitatively different
than GCM “hot summer orbit” studies (Crowley and
Baum 1994; Valdes and Crowley 1998) for the Carbon-
iferous with no ice sheet; the latter studies simulate
a complete removal of snow cover on the very large
Gondwanan land mass. The fluctuations evident in
Figs. 3 and 4 involve the rapid melting of as much as
fifty million cubic kilometers of ice, with consequent
eustatic sea level change on the order of a hundred
meters, as large as the Pleistocene glacial/interglacial
changes which resulted in a near-complete removal of
ice from North America and Eurasia. The estimated sea
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Fig. 3a,b Ice sheet thickness at
a local maximum (224 ky into
the baseline run) and minimum
(at 237 ky), see Fig. 4. Asterisks
indicate the location of glacial
deposits (from Crowley and
Baum 1992 and after Parrish

et al. 1986; Powell and Veevers
1987; Eyles 1993; Visser 1997).
For computational reasons the
model domain does not extend
south of 80 degrees. Though ice
is presumed in this figure to exist
south of this latitude it is not
included in our volume
calculations
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Simulated Carboniferous (306 Ma) ice sheet
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level changes are comparable to those observed in Gondwanan ice volume changes (Wanless and Shepard
North American cyclothem sequences (Crowley and  1936).

Baum 1992; Klein and Willard 1989; Heckel 1994; The model predicts a long-term anticorrelation
Rasbury et al. 1998), which have long been linked to between ice volume and orbital eccentricity. This is
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Fig. 4 Eight hundred thousand years of a baseline Carboniferous
run with a solar constant 3% below present. Also shown are the
results of two further sensitivity experiments involving increases in
CO,; from current to 3X, and current to 2X present values with
concentration increasing linearly for 50000 y beginning at model
year 617000
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Fig. 5 Three million years of the baseline run ice volume in millions
of cubic kilometers (upper curve) compared with orbital eccentricity
scaled by one thousand

clearly demonstrated in Fig. 5 where we show three
million years of the baseline run (the short growth
phase is omitted) compared with orbital eccentricity.
The same result was obtained in Hyde and Peltier
(1987), though for a simpler ice model and shorter time
series. This result is consistent with the Koppen-Milan-
kovitch hypothesis (Milankovitch 1930), i.e., in times
of high eccentricity “precessional summers” (those
periods for which perihelion occurs in summer) are
particularly warm, resulting in melting.

Strong eccentricity forcing is also evident in a spec-
tral analysis of the ice volume time series (Fig. 6).
For comparison we have plotted on the same graph
a spectral analysis of the five million year detrended
Plio—Pleistocene oxygen isotope record (Clemens and
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Fig. 6 Periodogram of three million years of model output (solid)
and five million years of isotope data (dashed, from Clemens and
Tiedemann 1997). Strong response is evident in model output at all
Milankovitch frequencies, with significant variance at the longer
frequencies (100 ka and 400 ka)

Tiedemann 1997). All of the dominant periodicities in
the astronomical forcing are represented in the model
output, with substantial 100 ka (thousand year) and
400 ka power despite the absence of glacial/interglacial
CO, changes. This model response may reflect the
amplification of 100 ka and 400 ka forcing by the large
Pangean land mass (Crowley et al. 1992). Earlier work
(Heckel 1986; Algeo and Wilkinson 1988) interpreted
the cyclicity of mid-continent USA. Carboniferous
sequences as consistent with 400 ka power, though
a recent paper by Rasbury et al. (1998) argues that this
cyclicity is actually more consistent with the shorter
100 ka eccentricity period. The latter paper does not,
however deal with the question of the presence or
absence of 400 ka power. Despite the highly nonlinear
nature of the model, there is no significant power at
sum frequencies (approximately 10000 y periodicities);
however, the ice sheet has a low-pass bias, with the
amplitude of low frequency variations being enhanced
relative to the forcing.

5 Sensitivity experiments

We conducted a number of studies of the model’s
response to changes in our inputs: CO,, the solar
constant, precipitation, and topography.

Carbon dioxide

Geochemical model calculations suggest that an in-
crease in CO, may have occurred in the Permian
(Berner 1994). The actual timing of the postulated
Permian CO, increase requires more precise testing.
For example, it is not clear whether carbon isotope



624 Hyde et al

studies (Grossman 1994) support a mid-Sakmarian
(=275 Ma) carbon dioxide increase coincident with the
observed end of the major phase of Permo-Carbonifer-
ous glaciation.

The baseline run was therefore perturbed, beginning
617 ky after the start of the run, with CO, increasing
linearly over the next 50000 y. For the 3 x CO, case the
model rapidly deglaciates (Fig. 4) and has no difficulty
maintaining an ice-free state despite later Milankovitch
cooling episodes. Further studies with 2 x CO, do not
produce deglaciation. Rather, the ice sheet settles into
a new equilibrium about half as large as that with
contemporary CO, levels. This result suggests that the
ice sheet system has a hysteresis, as this state is not
attainable by direct growth from an initially ice free
condition. This hysteresis may be related to the bifurca-
tion discussed below.

Solar constant

The ice sheet model exhibits critical behavior (Fig. 7).
While very small changes in the solar constant (e.g.
between a constant 0.9700 of present and 0.9705)
can delay the onset of full glaciation by upwards of
100000 y, at the critical point a simulation with a solar
constant of 0.9720 grows to a large ice sheet after some
400000 y of integration, while for a solar constant of
0.9725 times present the small coastal ice sheet never
expands into the interior of Gondwana. The difference
in net radiative forcing between the two different ice
sheet states is about one-twenticth the Pleistocene ice
age CO, radiative perturbation and about the same as
solar irradiance changes associated with the 11-y cycle.
This extremely small perturbation highlights the bi-
stable nature of the modeled ice sheet response. Note
that for no value of the solar constant does the ice sheet
evolve to the intermediate size seen in the doubled CO,
experiment.

While this transition from the small to large equilib-
rium states (e.g. Fig. 7, for QF = 0.9710) was not found
in a recent ice sheet modeling study we do not feel that
this disparity is a problem. In the paper in question
(Morales Maqueda et al. 1998), the continent simulated
was Antarctica, which is smaller and far more maritime
than Gondwana, the simulations performed were
a relatively short 40 ky (it can be seen in Fig. 7 that our
transitions can take far longer), and finally the ice sheet
resolution in Morales Maqueda et al. (1998) was rather
coarse.

Although it is beyond the scope of this work to
investigate in detail the bistable response of the ice
sheet model, we note that other studies (Baum and
Crowley 1991; Crowley et al. 1994; Otto-Bliesner 1996)
have found critical behavior in Gondwanan snow-
cover in GCM and EBM simulations. However, the
criticality exhibited in Fig. 7 is intrinsic to the ice
sheet. For these and nearby values of the solar constant
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Fig. 7 Model results indicating that small variations in the solar
constant (QF) can have a profound effect on ice sheet volume

there is no equivalent jump in EBM predicted snow
area.

With respect to the physical processes associated
with the bifurcation, EBM studies (Crowley et al. 1987,
Hyde et al. 1990; Baum and Crowley 1991) suggest
that because of the moderating effect of large bodies of
water on seasonal warming, coastal areas are most
likely to remain cold enough in summer to allow the
preservation of ice. For the Carboniferous, this is all
the more plausible as the coastal ice sheet is located in
one of the principal areas of elevated topography. Thus
the existence of a small coastal ice sheet is consistent
with previous work. On the other hand, if some favor-
able orbital configuration allows a very large ice sheet
to form, the elevation and high albedo of the ice sheet
will drastically lower the temperature, while the albedo
will also greatly weaken the seasonality, so that a “pre-
cessional summer” may not be warm enough, or last
long enough (given the long time constants of large ice
sheets) to destroy the ice sheet. Thus it is physically
reasonable that a very large ice sheet is also stable,
while a moderate-sized ice sheet may not be (Raymo
1997).

This conjecture requires considerable additional
analysis which we intend to address in a followup
paper. Conceivably this bistable ice sheet response
could provide insight into some of the rapid transitions
in Plio-Pleistocene climate at around 2.6 and 0.9 Ma
(Shackleton and Opdyke 1976; Shackleton et al. 1984).

Precipitation

To test the sensitivity of the model to changes in pre-
cipitation, we created several artificial base precipita-
tion fields intended to mimic the expected dryness of
the interior of Gondwana. In these fields the precipita-
tion decreased linearly (by an amount § mm/day per
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Fig. 8 The effect of redistributing precipitation on Gondwana. Pre-
cipitation decreases by § mm/day per degree from the coast while all
fields are normalized to have the same average precipitation. Thus
coastal precipitation increases with 0, while interior precipitation
decreases. While the ice sheet grows more rapidly for high values of
0, the final equilibrium state is insensitive to this parameter

degree) with distance south from the coast. The result-
ing precipitation field was normalized so that land
areas between 35 and 85°S had the same average pre-
cipitation (0.6 mm/day) as in the baseline experiment.
Our values of 8 were chosen such that the largest
yielded six times as much precipitation (1.2 mm/day) on
the coastline as in the interior (0.2 mm/day) in rough
agreement with contemporary interior-coastal differ-
ences from Eurasia (Legates and Willmott 1990). Ac-
tual precipitation is more variable in space than our
artificial fields, and further simulations need to be made
with more realistic inputs, perhaps taken from GCM
output.

The model’s sensitivity to the slope of the precipita-
tion line is similar to its sensitivity to solar constant
(Fig. 8) in that the rate at which the large equilibrium
state is achieved is dependent on 6, but the nature of
the equilibrium is relatively insensitive to this para-
meter. Given that the baseline run ice sheet first nu-
cleates on the coast, it is understandable that a higher 6,
meaning higher coastal precipitation, causes a more
rapid onset, while a lower 0, which puts more precipita-
tion in the interior where it is melted off in warm
continental summers, results in a more slowly growing
ice sheet. As the expansion of the large ice sheet is
restricted over most of its perimeter by calving into the
ocean, rather than by a warm ablation zone, it is not
surprising that for the large ice sheet the integrated
total of precipitation is more important than the re-
gional details of its distribution. The very sharp decline
in ice sheet height at most marine boundaries indicates
that there is in fact more precipitation than is needed to
maintain the areal extent of the ice sheet.

CGM experiments in Kutzbach and Gallimore
(1989) and Crowley and Baum (1994) indicate that the

large Pengean land mass could lead to an overall
lowering of precipitation 30-50% below present values.
We therefore ran experiments with three quarters
(0.45 mm/day) and half (0.3 mm/day) of our baseline
precipitation. With 0 equal to zero, forcing with either
of these lower base amounts results in a small ice sheet
which forms over the higher elevations in West Antarc-
tica, though with the larger precipitation amount the
ice also covers some of the lowlands extending towards
East Antarctica (Fig. 9a, b). The drier climates are more
sensitive to the horizontal distribution of precipitation.
In Fig. 9c it is clear that a large value of 0 greatly
increases the size of the ice sheet with a base precipita-
tion of 0.3 mm/day, while the effect on the ice sheet
forced by an average of 0.45 mm/day is even more
dramatic (Fig. 9d). Thus we see that the sensitivity of
the ice volume of 6 has a minimum in both very wet
climates (because there is always more than enough
water to form the ice sheet) and, obviously, in very dry
climates but has at least one maximum in moderate
moisture regimes.

For the case of uniform precipitation, variations in
the base amount produce a rapid change from a regime
of small ice sheets similar to those of Fig. 9a, b, and
large ice sheet characteristic of Fig. 3. The transition
occurs between base precipitation values of 0.585 and
0.590 mm/day. The behavior is very similar to that of
Fig. 7 in that for points just above the bifurcation value
some hundreds of thousands of years are required to
reach the large equilibrium.

Topography

Ice sheet/climate models are also sensitive to changes
in the underlying topography (Tarasov and Peltier
1997b). There are in principle two aspects to this. The
existence of localized areas of high elevation can pro-
vide nucleation sites for the ice sheet due to intense
localized cooling, while a higher average elevation for
the land as a whole favors ice sheet growth everywhere.

We have tested the sensitivity to average continental
elevation by adding uniform height fields of 50 and
100 m to the Scotese topography (Fig. 10). Again we see
that the principal effect is on the rate at which ice sheets
achieve equilibrium, but in this case there is a some-
what greater effect on the final large equilibrium state
than in the experiments with variable precipitation or
solar constant. This seems to be due to a greater north-
ward extent of the ice sheet over Africa, where the
increased elevation has a larger effect on temperature
than the small solar constant differences in Fig. 7.

In another series of tests (not shown) we tested the
models response to various scalings of the Scotese
topography, which essentially amounts to raising or
lowering the heights of mountainous areas while leav-
ing the plains at sea level. With zero topography ice
does not develop unless the solar constant is reduced to
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Precipation sensitivity experiments
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Fig. 9a—d Ice sheets in dry climates. Bracketed numbers refer to  climates are far more sensitive to the distribution of precipitation
precipitation in mm/day, and to the decline in precipitation with  and large values of 0 lead to larger and even continental sized ice
distance from the coast (0). Dry climates with uniform precipi-  sheets (c, d)

tation result in much smaller equilibrium ice sheets (a, b). These
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Fig. 10 Effect of uniformly adding a fixed amount (base) to the
Scotese (1986) topography. Large values lead to cooler climates and
accelerate the onset of a large ice sheet. The final equilibrium states
vary mainly in the northward extent of the ice sheet over Africa

less than the 3.3% decline allowed by solar models.
This is similar to the result of Tarasov and Peltier
(1997b) for the Pleistocene, as in their simulations ice
nucleated only on high ground in the Arctic and consis-
tent with the work of Powell and Veevers (1987). In
general we observed the same pattern as in our solar
constant and precipitation experiments, doubled or
tripled topography causes the ice sheet to grow more
rapidly, but the equilibrium state is little affected. Al-
though the ice sheet extends somewhat further north in
the South American sector, the improvement is far too
small to account by itself for our model/data discrep-
ancy in that area.

In a final experiment (not shown) we tripled the
Scotese topography and doubled precipitation over
South America south of 30 °S. Naturally this resulted in
somewhat greater ice cover, including a small second-
ary dome in South America, but three of the South
American glacial sites remained ice free, and it does not
seem that any reasonable combination of topography
and precipitation will cause the model to extend ice
into such low latitudes.

6 Discussion and conclusions

The principal result of this work has been to show that
the Tarasov and Peltier ice sheet/EBM model can,
with reasonable inputs and without any modification
of model parameters, simulate many of the features of
the Carboniferous ice age. Particular strengths of the
model include prediction of sea level fluctuations con-
sistent with observed cyclothems and the broad con-
cordance between observations and predictions of
glacial ice. It is also reassuring that the model does not
predict ice during later eras of high CO,, and indeed

predicts a full deglaciation for a tripling of CO, levels.
The model also exhibits multiple stable states which are
connected with ice-albedo feedback (and elevation-
temperature feedback) but in a manner different from
the small ice cap instability of North (1984). This bifur-
cation requires further investigation.

We regard these results as strong support for the
general validity of the Tarasov and Peltier model, given
the very different nature of the Carboniferous and
Pleistocene ice sheets. Nevertheless, deficiencies exist,
e.g., the failure to predict ice over parts of South Amer-
ica, possible excess ice over parts of Africa, and the
tendency of the model to predict one large ice sheet
with one dome, rather than separate ice sheets or
a multi-domed structure. In the future we hope to
address these weaknesses by considering the effect of
warm and cold currents and epeiric seas. It will be
difficult to test the model more rigorously without
a more comprehensive paleo-database. Specifically, we
need to know more about the location of ice and
direction of ice flow.

Additional uncertainties involve tectonic boundary
conditions. Some Gondwanan reconstructions differ
significantly from the one used in this work, e.g., Smith
and Hallam (1970) and Scotese (1994), both of which
place South America further south than the recon-
struction we used. Use of the former configuration, in
particular, should greatly reduce the model/data dis-
crepancy in South America. The location and depth of
inland seaways will also have an effect on ice sheet
location, particularly at the onset of glaciation. The
west-to-east migration of the locus of the Gondwanan
ice sheet from Africa-South-America to Australia dur-
ing the Permo-Carboniferous (Gonzalez-Bonorino
and Eyles 1995; Lindsay 1997; Isbell et al. 1997) may
reflect other landmass movements that we have not yet
considered; the present simulation reflects approxim-
ately the midpoint of that long period of glaciation.
GCM studies may aid in refining some model inputs,
while a better understanding of the Carboniferous
ocean circulation could improve regional features of
the ice sheet response.

A major remaining uncertainty concerns the similar
roles of continental elevation, solar constant, and CO,
in determining Pangean ice volume. For example,
though our baseline run was performed with a base
height for Pangea at sea level, a qualitatively similar
result could have been obtained with some combina-
tion of higher base height and higher solar con-
stant/lower CO, level. Thus the available Southern
Hemisphere data do not constrain these three para-
meters as much as we would like. However, we may be
able to reduce the area of admissible parameter space in
these variables by considering the presence, or other-
wise, of Northern Hemisphere ice sheets. Preliminary
experiments show that the parameters of the baseline
run result in an ice sheet on Siberia which appears to be
larger than observations allow. Thus it appears that an
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optimal fit to the evidence requires some combination
of higher CO, or solar constant, and a higher freeboard
for Pangea, in agreement with observations (J. Parrish
personal communication).

Despite this list of qualifications it must be borne in
mind that there is considerably more agreement than
disagreement between model and data, and that our
results have been obtained without any retuning of the
model, and with a minimum number of adjustments
to model boundary conditions. In conclusion, we find
that an ice sheet model developed for the Pleistocene
predicts Gondwanan ice in locations approximately
consistent with observations and that modest charges
(from a geological viewpoint) in CO, can cause the
melting of a very large ice sheet. As this result was
achieved without tuning any of the model parameters,
the basic accuracy of the model physics and formula-
tion is therefore supported. Our results also suggest
that the model can be usefully applied to other pre-
Pleistocene glacial periods, e.g., the Oligocene expan-
sion in Antarctica (Zachos et al. 1992; Huybrechts
1994), and Ordovician glaciation (Hambrey 1985;
Crowley and Baum 1995) of Gondwana, and the very
extensive late Precambrian glaciation (Hambrey and
Harland 1985). Such efforts should open the door more
widely to testing and development of a comprehensive
theory for glaciation in Earth history.
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