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INTRODUCTION
Continental-scale glaciation has been absent 

throughout the majority of the Phanerozoic, in-
terrupted by just two long-lasting (>10 m.y.) ice 
ages in the late Paleozoic  and late Cenozoic, and 
multiple short-lived glaciations (<10 m.y.) in the 
Late Ordovician, Late Devonian, and early Car-
boniferous (Kennett, 1977; Caputo and Crow-
ell, 1985; Brenchley et al., 2003; Montañez and 
Poulsen, 2013). The absence of evidence for 
continental-scale glaciation during most of the 
Phanerozoic suggests that cold climate states 
have been relatively rare. The primary drivers of 
Phanerozoic continental glaciation are hypoth-
esized to involve continental drift and the long-
term evolution of atmospheric pCO2 and solar 
irradiance (e.g., Kennett, 1977; Crowley and 
Baum, 1992; Herrmann et al., 2003; Horton et 
al., 2007; Finnegan et al., 2011; Montañez and 
Poulsen, 2013).

The relative contributions of these drivers 
to Paleozoic climate states remain uncertain. 
Paleogeographic reconstructions indicate that 
during the early Paleozoic Gondwana migrated 
southward to higher latitudes (and lower inso-
lation), and was centered over the austral pole 
throughout the Devonian and early Carbonif-
erous (Cocks and Torsvik, 2002; Torsvik and 
Cocks, 2004). Despite the polar location of the 
continental landmass, glaciogenic evidence from 
this interval is scarce in the geologic record, sug-
gesting that continental ice sheets were largely 
absent (Caputo and Crowell, 1985). In contrast, 

the northward migration of parts of Gondwana, 
including modern-day Africa, South America, 
and Arabia, toward lower latitudes (and greater 
insolation) and collision with northern Laurasia 
coincided with the onset of the late Paleozoic 
ice age (LPIA) (Torsvik and Cocks, 2004; Field-
ing et al., 2008; Montañez and Poulsen, 2013). 
Variations in atmospheric pCO2 may provide a 
more satisfying explanation; however, both the 
Paleozoic record of pCO2 and the concentrations 
required to initiate continental-scale glaciation 
during times of varying solar irradiance and pa-
leogeography are poorly constrained.

The goal of this study is to investigate the 
conditions under which ice sheet growth initi-
ated during the Paleozoic Era through the use 
of coupled climate–ice sheet simulations. We 
specifically address the influence of continental 
landmass configurations on glacial inception and 
the effect of landmass configuration and solar lu-
minosity on pCO2 thresholds for glaciation.

METHODS
We use the GENESIS version 3.0 general 

circulation model (GCM) coupled to BIOME4, 
an equilibrium vegetation model, and a three-
dimensional dynamic ice sheet model to simu-
late a series of time slices in the late Paleozoic 
(see the GSA Data Repository1). GENESIS is 

composed of an atmospheric GCM (AGCM) 
coupled to both a land-surface model and a 
slab ocean model with diffusive heat transport. 
The AGCM has a T31 (3.75° × 3.75°) spectral 
resolution with 18 vertical levels, while the 
land-surface grid has a 2° × 2° resolution (Al-
der et al., 2011).

We conducted two sets of experiments, 
each using continental configurations from 
eight different Paleozoic time periods, includ-
ing the Early Ordovician (480 Ma), early Si-
lurian (440 Ma), Early Devonian (400 Ma), 
Late Devonian (370 Ma), early Carboniferous 
(340 Ma), late Carboniferous (310 Ma), early 
Permian (280 Ma), and Early Triassic (250 Ma) 
(Fig. 1; Cocks and Torsvik, 2002; Torsvik and 
Cocks, 2004). In the first set of experiments, 
we varied atmospheric pCO2 between pre-in-
dustrial levels: 560 (2× CO2), 840 (3× CO2), 
and 1120 ppm (4× CO2), but kept solar lumi-
nosity at 1330.9 Wm-2, or 2.5% less than pres-
ent, a value appropriate for the late Paleozoic. 
We used an asynchronous coupling technique, 
which consisted of alternating integrations of 
the AGCM and ice-sheet model, following 
methods presented in Herrington and Poulsen 
(2012; see the Data Repository). After 5000 yr 
of asynchronous coupling, we then ran the ice 
sheet model an additional 45,000 yr to estimate 
an equilibrium volume.

In the second set of experiments we investi-
gated the influence of solar luminosity on gla-
cial inception, using a methodology slightly 
modified from that employed in the first set. 
This alternate approach, which does not in-
volve repeated couplings of the GCM and 
ice-sheet model, was used for the sole reason 
that it was less computationally intensive. In 
comparisons of our coupled and uncoupled 
methods, we found no differences in whether 
ice sheets were initiated, justifying use of the 
uncoupled method in this inception analysis 
(see the Data Repository). These experiments 
were conducted with 1120 ppm pCO2 and both 
a constant solar luminosity (97.5% of modern) 
and age-dependent solar luminosity (Gough, 
1981), and with 2240 ppm pCO2 (8× CO2) 
using age-dependent solar luminosity. Lumi-
nosity was calculated by reducing the modern 
by ~1% per 100 m.y. after Crowley and Baum 
(1992).

Other than the parameters described here, all 
other boundary conditions were identical be-
tween experiments. To promote ice sheet initia-
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tion, orbital parameters representative of a cold 
Southern Hemisphere summer were specified by 
selecting parameter values from the past 10 m.y. 
(obliquity at 22.079°; eccentricity at 0.057133; 
precession at 270°; Berger and Loutre, 1991). 
Atmospheric trace gas concentrations were set 
to pre-industrial values (CH4 0.650 ppm; N2O 
0.285 ppm; chlorofluorocarbons 0 ppb). Due 
to substantial paleotopographic uncertainties 
and our desire to isolate the effects of landmass 
distribution on ice sheet initiation, we utilize a 
500 m uniform topography for each continental 
configuration.

RESULTS

Climate Prior to Ice-Sheet Coupling
To determine the response of the climate 

system to changes in the configuration of the 
continents, we compare the mean annual sur-
face temperature (MAT) of each Paleozoic time 
slice from the initial GCM simulations prior to 
ice sheet-coupling. MATs are sensitive to both 
paleogeography and atmospheric pCO2 (Figs. 1 
and 2). At 2× CO2, global MATs differ by as 
much as 2.7 °C between geographies, with early 
Carboniferous, Devonian, and Early Ordovician 
(340, 370, and 400 Ma, respectively) simula-
tions having the lowest global MATs (12.7, 
12.9, and 12.4 °C, respectively) and early Perm-
ian (280 Ma) and Early Triassic (250 Ma) simu-
lations having the highest (14.7 and 15.1 °C, 
respectively).

Zonal-average MATs vary little between ex-
periments at low latitudes (<0.6 °C between 
30°N and 30°S), but show larger differences at 
high latitudes (~14.0 °C between 60° and 90°S 
and 12.3 °C between 60° and 90°N; Fig. 1). In 
the Southern Hemisphere, the lowest tempera-
tures occur when landmasses are concentrated 
in high latitudes, while the opposite is true in 
the Northern Hemisphere (Fig. 1). The north-
ward movement of continental blocks into the 

high mid-latitudes of the Northern Hemisphere, 
starting at 310 Ma, causes a doubling of total me-
ridional heat transport due to the setup of strong 
seasonal temperature gradients between the land 
and ocean. Seasonal contrasts disrupt the zonal 
flow of winds and cause strong northerly sur-
face winds in the summer, and southerly surface 
winds in winter, advecting cool air southward and 
warm air northward (see the Data Repository).

Global MAT differences between experi-
ments with different continental configurations 
but identical CO2 levels are primarily related to 
differences in albedo. Top-of-atmosphere short-
wave radiation varies by ~5.4 Wm–2, larger than 
differences in greenhouse forcing (~2.4 Wm–2). 
Global MATs show a strong negative correlation 
with both planetary albedo (R2 = 0.96) and sur-
face albedo (R2 = 0.98). Planetary and surface 
albedos are directly related to southern high-
latitude (>60°S) land fractions because these 
landmasses tend to have annual snow cover.

The global MAT response to increasing pCO2 
varies with geography (Fig. 2). Doubling pCO2 
from 2× to 4× CO2 yields a global MAT increase 
of 3.0 °C, with a minimum increase of 2.5 °C 
at 250 Ma and a maximum increase of 3.6 °C 
at 370 Ma. Greenhouse forcing rises by 3.1–6.0 
Wm–2 between these experiments, and alone 
cannot account for the full temperature change. 
Positive feedbacks on snow and sea ice are larger 
than the direct greenhouse forcing, and increase 
the absorbed solar radiative forcing by 7.5–18.1 
Wm–2 between 2× and 4× CO2 simulations.

Ice Sheet Initiation
Continental ice sheets simulated using the 

asynchronous coupling technique initially form 
at high-latitude coastlines, expand inland, and 
continue to thicken until equilibrium with the 
imposed climate is reached at ~50,000 yr. All 2× 
CO2 simulations produce substantial continental 
ice sheets on southern Gondwana, while trace 
amounts of coastal ice form in northern Laura-
sia, but do not contribute substantially to global 
ice volume (<1%). Increasing pCO2 limits ice 
sheet formation by raising summer surface tem-
peratures above freezing. At 3× CO2, ice sheet 
initiation varies according to geography with 
mid-Paleozoic (400–310 Ma) simulations grow-
ing the largest ice sheets. At 4× CO2, only trace 
amounts of coastal ice are simulated (Fig. 3).

Continental configurations influence ice sheet 
initiation by increasing the land area where 
freezing temperatures and precipitation coin-
cide. The ice sheets do not initiate in the con-
tinental interior, despite cooler temperatures, 
because conditions are too arid due to a lack 
of precipitable moisture. Both land area and 
coastal length below 60°S latitude are positively 
correlated with ice volume, ice surface area, and 
snowfall. Large southern high-latitude land-
masses at 400–340 Ma yield the lowest surface 
temperatures (Fig. 1), resulting in the largest 
simulated ice sheets (Figs. 3 and 4).

Continental configurations have different 
ice sheet initiation–pCO2 thresholds. The pCO2 
threshold for substantial ice sheet initiation is 
<840 ppm in the 250, 280, 440, and 480 Ma cas-
es. In the 310 and 400 Ma cases, the threshold 
is higher, between 840 and 1120 ppm (Fig. 3). 
At 4× CO2, either no ice or very small coastal 
glaciers are simulated for all geographic con-
figurations.

Equilibrium Glacial Conditions
Equilibrium glaciation and atmospheric con-

ditions were simulated using the asynchronous 
coupling technique (see the Methods discus-
sion). Ice sheet volumes increase from their 
initial values by ~0.5–1.5 × 108 km3 (~200%–
300%) at the 2× CO2 level, ~0–1.4 × 108 km3 
(~0%–600%) at the 3× CO2 level, and 0–1.7 
× 107 km3 (~0%–2100%) at the 4× CO2 level. 
Small coastal glaciers simulated for cases at 3× 
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Figure 1. Paleogeographic configuration and simulated mean annual temperature (°C) at 
2× CO2 (Cocks and Torsvik 2002; Torsvik and Cocks 2004). A: Early Ordovician (480 Ma). 
B: Early Silurian (440 Ma). C: Early Devonian (400 Ma). D: Late Devonian (370 Ma). E: Early 
Carboniferous (340 Ma). F: Late Carboniferous (310 Ma). G: Early Permian (280 Ma). H: Early 
Triassic (250 Ma).

Figure 2. Global mean annual surface tem-
peratures (°C) prior to ice sheet simulation 
(solid lines) and after ice sheet simulation 
(dashed lines) for 2× CO2 (blue line), 3× CO2 
(green line), and 4× CO2 (red line).
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and 4× CO2 levels do not grow substantially and 
remain restricted to the coastlines. Simulated ice 
volume for 310 Ma is comparable to peak LPIA 
ice volume estimates (~13% larger; Fielding et 
al., 2008) at 2× CO2 but is substantially lower at 
3× CO2 (~93% smaller).

Similar to initiation, geography influences 
equilibrium ice sheet size, as greater high-
latitude land mass promotes ice sheet growth 
(Fig. 4). In particular, as Gondwana moved 
further southward over the pole from the Early 
Devonian (400 Ma) to the early Carboniferous 
(340 Ma), the footprint of simulated ice sheets 
expanded. Ice sheet size decreased as most of 
Gondwana drifted equatorward, colliding with 

northern Laurasia during the late Paleozoic 
(340–250 Ma).

In the 2× CO2 experiments, the large expan-
sion of continental ice reduces global average 
temperature by 0.7–5.0 °C due to concomitant 
increases in surface albedo and ice sheet eleva-
tion (Fig. 2). The temperature change is largest 
at high latitudes (~9.3–14.5 °C between 60° and 
90°S and ~6.1–7.8 °C between 60° and 90°N), 
with little change at low latitudes (<0.7 °C be-
tween 30°S and 30°N). In comparison to the 2× 
CO2 experiments, MATs in the 4× CO2 experi-
ments are 3.0–8.6 °C higher, with an average 
of 5.9 °C, demonstrating the large temperature 
response to ice sheet feedbacks (Fig. 2).

Sensitivity to Solar Luminosity
Accounting for solar evolution increases ice 

sheet volumes in the earlier Paleozoic when lu-
minosity was lowest. In the 4× CO2 simulations, 
ice sheet volumes for time slices between 480 
and 370 Ma are substantially greater than those 
simulated with constant luminosity (Fig. 3). At 
8× CO2, the total ice volume is small or non-
existent in all simulations; only trace amounts 
of continental ice form along the coastlines at 
400 Ma and 480 Ma. These results suggest that 
the threshold pCO2 level for glacial inception 
decreased through the Paleozoic from a high 
near 4× CO2 in the early Paleozoic to a value 
near 2× CO2 in the late Paleozoic.

DISCUSSION
Our coupled GCM–ice sheet model results 

indicate that neither continental drift nor time-
appropriate solar luminosity is able to explain 
the geologic history of Paleozoic glaciation. 
In contrast to the geologic record, our late Pa-
leozoic simulations (310 and 280 Ma) show 
significantly less continental ice than our early 
Paleozoic simulations, indicating that other fac-
tors were responsible for widespread glaciation. 
The most favorable geographic configurations 
for ice formation are those of the mid-Paleozoic 
(400 and 340 Ma), when Gondwana migrated 
over the austral pole (Figs. 3 and 4). This inter-
val coincides with the Late Devonian and early 
Carboniferous glaciations, and suggests that 
ice sheet formation was facilitated by favor-
able geographic configurations. However, con-
tinental configurations do not explain why these 
events were brief in duration or why the major-
ity of this interval remained ice free.

Our modeling results are consistent with the 
geologic record when atmospheric pCO2 is tak-
en into account, indicating that pCO2 was likely 
a primary control on Paleozoic glaciation. Ac-
cording to the pCO2 proxy record, the mainly 
ice-free early and mid-Paleozoic coincide with 
high pCO2 concentrations (≥1120 ppm) and 
the LPIA coincides with low pCO2 concentra-
tions (≤560 ppm; Royer, 2006). Under constant 
solar luminosity, we simulate continental-scale 
ice sheets at 2× CO2, but above this threshold, 
substantially less ice forms (Fig. 3). This result 
is consistent with proxy evidence of covariance 
between LPIA ice volume and pCO2 (Montañez 
et al., 2007). Early Paleozoic solar luminosities 
raise the pCO2 threshold to 4× CO2; however, 
this threshold remains too low to explain the 
short-lived Late Ordovician glaciation, which is 
thought to have occurred at pCO2 of >8× CO2 
(Herrmann et al., 2003; Young et al., 2010). 
However, it has been hypothesized that the tem-
poral resolution of the proxy record remains too 
coarse to capture short-term variations in deep-
time pCO2. For example, Young et al. (2010) 
reported trends in carbonate and marine organic 
matter d13C that suggest dynamic, short-lived 
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Figure 3. Ice volume 
(107 km3) after 5000 yr 
of ice sheet simula-
tion for time slices dur-
ing the Paleozoic at 2× 
CO2 (blue line), 3× CO2 
(green line), and 4× CO2 
(red line) with constant 
solar luminosity, and 4× 
CO2 with time-varying 
solar luminosity (orange 
line). Documented glacial 
events, which include the 
Late Ordovician, Late De-
vonian, early Carbonifer-
ous, and late Paleozoic 
glaciations, are indicated 
by gray shading (Brench-
ley et al., 2003; Caputo 
and Crowell, 1985; Field-
ing et al., 2008). Proxy re-
cord of atmospheric CO2 
is shaded in light blue. 
Solid black line repre-
sents the best estimate; dashed lines indicate the uncertainty (modified after Royer, 2006).

Figure 4. Polar projection maps of Southern Hemisphere simulated Paleozoic ice sheet 
heights (m) at 2× CO2 with Southern Hemisphere cold summer (SHCS) orbital configura-
tion for eight Paleozoic time slices. Heights represent equilibrium ice sheet conditions after 
50,000 yr of model integration (see text for details). Latitude is shown at 30° intervals (thin 
black lines). The 0° C isotherm for January (Southern Hemisphere summer) is indicated by 
the thick black isotherm. Note that ice heights are greatest near coastlines. Unglaciated land 
surfaces are shown in green, and ocean is shown in blue.
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atmospheric pCO2 fluctuations during the Late 
Ordovician (Hirnantian) glacial interval.

A limitation of our study is the application of 
uniform topography in our simulations. High to-
pography can act as an ice nucleation center and 
modify atmospheric heat transport and precipi-
tation through its influence on stationary wave 
patterns (e.g., Fiorella and Poulsen, 2013), each 
of which could affect pCO2–ice sheet initiation 
thresholds. We also note that in the absence of 
topography, our simulated ice sheets flow from 
the coast to the interior of the continents, at odds 
with the glacial sedimentary record (e.g., Field-
ing et al., 2008) and in contrast to LPIA ice sheet 
simulations in which topographic variations are 
included (e.g., Horton et al., 2007, 2010). We 
emphasize that our results focus on thresholds 
for continental-scale ice sheet initiation and are 
not intended for basin-scale comparison.

Our results suggest that continental drift 
does not directly drive glaciation. However, 
our simulations do not include tectonic–carbon 
cycle feedbacks, leaving open the possibility 
that continental drift indirectly drove glaciation 
by influencing atmospheric pCO2. Goddéris et 
al. (2014) reported that enhancement of silicate 
weathering on warm, moist low-latitude conti-
nents can initiate glaciation. In our simulations, 
we observe an increase in tropical continental 
precipitation between 30°S and 30°N in the 
480–310 Ma interval that may have facilitated 
lower atmospheric pCO2. However, the forma-
tion and uplift of Pangaea leads to widespread 
aridity, suggesting that this mechanism is un-
likely to explain the late Paleozoic glaciation.

A number of studies have recently estimated 
past Earth system sensitivity, the long-term re-
sponse of global average temperature to doubled 
pCO2 considering both fast (<102 yr) and slow 
(>103 yr) climate feedbacks, in order to con-
strain future climate sensitivity (cf. Royer et al., 
2012). Paleoclimate data show a sensitivity of 
~3 °C when considering fast climate feedbacks 
on short time scales, but as much as 6 °C when 
slow climate feedbacks, such as glacial-inter-
glacial cycles, are also considered (Royer et al., 
2012). Our Earth system sensitivity estimates 
for the Paleozoic range from 3.0 °C to 8.6 °C, 
depending on the size of the resulting ice sheet. 
This result indicates that Earth system sensitivi-
ties change as a function of continental configu-
ration, consistent with previous modeling stud-
ies (e.g., Goddéris et al., 2014), and suggests 
that using past Earth system sensitivities to infer 
modern or future ones is imprudent.

CONCLUSIONS
We contend that atmospheric pCO2 is the 

primary control on Paleozoic glacial inception, 

but that changes in landmass configuration and 
solar luminosity modify pCO2 glacial inception 
thresholds. pCO2 glacial inception thresholds 
may have been as low as 560 ppm (2× CO2) in 
the late Paleozoic but as high as 1120 ppm (4× 
CO2) in the earliest Paleozoic due to lower solar 
luminosity and differences in continental geog-
raphy. Our results suggest that climate sensitiv-
ity is nonstationary, with continental drift play-
ing a primary role in its evolution through time.
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