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INTRODUCTION
The Permo-Carboniferous glaciation marked 

the last major pre-Cenozoic ice age. Permo-
Carboniferous glacial deposits have been found 
throughout southern Gondwana and as far 
north as 30°S (Parrish et al., 1986). Although 
the extent of the Permo-Carboniferous Gond-
wanan glaciation is debated (e.g., Isbell et al., 
2003; Jones and Fielding, 2004), geological 
and oxygen isotopic evidence indicates that the 
maximum ice volume was as great as or greater 
than that during the Pleistocene glacial maxima 
(Crowley et al., 1991; Joachimski et al., 2006). 
During the glacial episodes, atmospheric CO

2
 

levels were at the lowest levels in the Phanero-
zoic (Royer, 2006). Given the profound impact 
of Pleistocene deglaciation on tropical climate, 
the Gondwanan deglaciation and the concomi-
tant rise in pCO

2
 in the early Permian likely had 

a marked impact on late Paleozoic tropical cli-
mate and environment.

In fact the late Carboniferous to early 
 Permian has been recognized as a transitional 
period in western tropical Pangea marked by a 
shift in cross-equatorial winds (Soreghan et al., 
2002), continental drying (Kessler et al., 2001; 
Tabor and Montañez, 2002, 2004), marine 
and terrestrial warming (Tabor and Montañez , 
2005; Joachimski et al., 2006), and major 
fl oral   dominance-diversity shifts (Gastaldo et al., 
1996; DiMichele et al., 2001; Cleal and Thomas, 
2005). However, many of these changes have 
been attributed not to Gondwanan deglacia-
tion, but rather to (1) the development of a rain 
shadow in response to the uplift of an equa-
torial mountain chain in the Carboniferous and 
early Permian, or (2) the initiation of Northern 
Hemisphere monsoonal circulation due to the 
erosion of the equatorial mountain chain in the 
early Permian (Rowley et al., 1985; Tabor and 

Montañez , 2004). In support of these ideas, 
climate model simulations of the Carbonifer-
ous indicate that the uplift of the Ouachita-
Appalachian  mountain belt could have been 
important in focusing precipitation in the Tropics 
(Otto-Bliesner, 2003).

Climate models have been used extensively 
to explore late Paleozoic climates. A series of 
studies have focused on the conditions nec-
essary to simulate continental ice-sheets on 
Gondwana (Crowley et al., 1991; Crowley 
and Baum, 1992; Hyde et al., 1999) and the 
role of tropical mountains in promoting coal 
forma tion in the Carboniferous (Otto-Bliesner, 
2003). Model-proxy comparison studies show 
promising agreement between Permian simu-
lations and sedimentary climate indicators 
(Gibbs et al., 2002; Winguth et al., 2002) and 
have been used to constrain aspects of Pan-
gean paleo geography and atmospheric pCO

2
 

( Fluteau et al., 2001; Hyde et al., 2006). In this 
contribution we use a coupled atmosphere-
biome general circulation model to simulate 
the infl uence of Gondwanan glaciation and 
pCO

2
 on the tropical climate of Pangea.

METHODS
Late Paleozoic experiments were com-

pleted using the GENESIS Earth system 
model  coupled to a terrestrial biosphere model, 
BIOME4. GENESIS version 2.3 consists of an 
atmospheric general circulation model (AGCM) 
coupled to multilayer models of vegetation, 
soil and land ice, and snow (Thompson and 
 Pollard, 1997). Sea-surface temperatures and 
sea ice are computed using a 50-m slab oceanic 
layer with diffusive heat fl uxes, and a dynamic 
sea-ice model. A land-surface transfer model 
accounts for the physical effects of vegetation, 
soil, and soil water. The AGCM resolution is 

spectral T31 (~3.75°) with 18 vertical levels; 
the surface model grid is 2° × 2°. In our ver-
sion of  GENESIS, water isotopic transport and 
fractionation processes have been added to the 
atmospheric physics (Mathieu et al., 2002).

BIOME4 is an equilibrium vegetation model 
that predicts global vegetation distribution 
on the basis of physiological considerations 
(Haxel tine and Prentice, 1996). In our imple-
mentation of BIOME, grasses are excluded 
because they had not evolved by the late Paleo-
zoic. In our coupling of GENESIS and BIOME, 
GENESIS is run for one year, during which 
monthly average temperature, precipitation, 
and insolation are saved. These fi elds are then 
used to force BIOME, after which the vegeta-
tion is updated in GENESIS. This process is 
repeated throughout the experiment integration. 
The imple mentation of BIOME4 does not sub-
stantially infl uence the large-scale climate. We 
have performed  GENESIS-only experiments 
with  globally uniform biome distributions that 
essentially show the same results reported here 
(minus the vegetation predictions).

Five late Paleozoic experiments were com-
pleted: two with no ice sheets and CO

2
 levels of 

355 (LCO
2
) and 2800 ppm (HCO

2
), and three 

with small, intermediate, and large ice sheets of 
22.8 (ICE-S), 47.2 (ICE-I), and 59.1 (ICE-L) × 
109 km2 with mean heights of 1500 m and low 
(355) pCO

2
 (Fig. 1). Atmospheric pCO

2
 levels 

are based on paleosol-carbonate geochemi-
cal  proxies from Montañez et al. (2007). The 
Sak marian paleogeography, topography, and 
ice extent (in the ICE-S experiment) is based 
on reconstructions by the Paleogeographic 
Atlas Project (see http://pgap.uchicago.edu). 
The land-sea distribution is constant between 
experiments and does not include any infl uence 
of glacioeustasy. All other boundary conditions 
were identical between experiments and include 
a reduced solar luminosity (1330.3 Wm–2) 
based on solar evolution models, pre-industrial 
concentrations of CH

4
 (0.650 ppm) and N

2
O 

(0.285 ppm), and a circular orbit with an average 
(23.5°) obliquity similar to modern. The ocean 
diffusive heat fl ux was set to a value that pro-
vides the best simulation for the modern climate. 
Though the isotopic concentration of seawater 
would have changed with ice volume, it was uni-
formly specifi ed at 0‰ to facilitate comparisons 
between experiments. The experiments were 
integrated for 42 model years; results shown here 
have been averaged over the fi nal ten years.
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TROPICAL CLIMATE SENSITIVITY 
TO DEGLACIATION

The reduction of Gondwana continental 
ice leads to an increase in global mean annual 
temperatures (MATs) from 0.4 to 3.8, 8.3, and 
11.5 °C in the ICE-S, ICE-I, ICE-L, and LCO

2
 

experiments, respectively. The primary causes 
of warming are a reduced global albedo and 
an increase in greenhouse forcing due to an 
increase in global specifi c humidity. The rise 
in pCO

2
 in the HCO

2
 experiment raises MAT 

to 21.9 °C mainly because of an increase in 
greenhouse forcing. Tropical (30°S to 30°N) 
continental MATs are also sensitive to the pres-
ence and extent of the Gondwana ice sheet, and 
increase from 11.1 to 15.5, 18.6, and 20.3 °C 
in the ICE-S, ICE-I, ICE-L, and LCO

2
 experi-

ments, respectively. In the HCO
2
 experiment, 

tropical temperatures reach 31.5 °C (Fig. 2A).
Precipitation on Pangea is also sensitive to 

atmospheric CO
2
 and Southern Hemisphere 

glaciation. In ICE-L and ICE-I cases, tropi-
cal precipitation migrates seasonally between 
hemispheres (Figs. 2B, 2C), leading to a fairly 
symmetric distribution of annual continental pre-
cipitation. The contraction/removal of the Gond-
wanan ice sheet causes seasonal precipitation to 
decrease and shift southward into the Southern 
Hemisphere (Figs. 2B, 2C); as a result, precipi-
tation values decrease by more than 50% over 
western equatorial  Pangea. Tropical precipitation 
is mainly governed by the position and intensity 
of the Intertropical Convergence Zone (ITCZ), 
a region of low pressure characterized by con-
vective updrafts and precipitation. The seasonal 
migration of the ITCZ follows the annual insola-

tion cycle, but is infl uenced by interhemispheric 
temperature contrasts (Broccoli et al., 2006). 
By reducing cross-equatorial temperature gradi-
ents through low-latitude Southern Hemisphere 
warming, contraction of the Gondwanan ice sheet 
causes the ITCZ to move southward and weakens 
the convection that drives tropical precipitation. 
In the HCO

2
 case, the increase in continental tem-

perature and the resulting decrease in soil mois-
ture substantially reduce tropical precipitation 
across equatorial Pangea (Figs. 2B, 2C).

Deglaciation also infl uences large-scale tropi-
cal circulation patterns. The presence of conti-
nental ice and cold temperatures in the ICE-I 
and ICE-L cases creates a year-round region 
of relatively high pressure at the surface over 
southeastern Pangea (~30°S), promoting east-
erly fl ow over western equatorial Pangea. In 
the absence of continental ice, a strong sum-
mer monsoon forms over southeastern Pangea, 
inducing westerlies over western equatorial 
Pangea (Fig. 2D).

EFFECT OF GLACIATION ON 
VEGETATION

Although late Paleozoic plant types were dis-
tinct from their modern counterparts in similar 
environments (Gastaldo et al., 1996), the fl o-
ristic biogeography of the late Paleozoic paral-
leled that of the present (Ziegler, 1990). Thus we 
contend that BIOME4 likely provides fi rst-order 
representation of late Paleozoic biomes.

In the experiments with the most extensive 
Gondwanan ice sheet, warm-temperate forests 
dominate the low latitudes, with deserts con-
fi ned to the subtropical regions (Fig. 1). With 

the removal of the ice sheet, desert and dry 
 woodland/shrubland biomes invade the low-
est latitudes, confi ning tropical and temperate 
 forests to 0–10°S in western Pangea. The desert 
expansion refl ects the reduced range of and the 
decreased convective precipitation within the 
ITCZ. The increase in CO

2
 in the HCO

2
 case 

causes further expansion of the desert and dry 
woodland/shrubland biomes to the near exclu-
sion of forests across equatorial Pangea (Fig. 1).

EFFECT OF GLACIATION ON 
PRECIPITATION δ18O

Paleosol-mineral δ18O values have proven 
to be an effective archive for the past δ18O of 
 meteoric water (e.g., Tabor and Montañez, 2002). 
The comparison of simulated and paleo-δ18O is 
particularly valuable for distinguishing between 
past boundary conditions that affect atmospheric 
vapor transport (Poulsen et al., 2007).

In the ICE-L experiment, tropical precipi-
tation δ18O on land ranges from −17‰ in the 
Southern Hemisphere to >–3‰ in the Northern 
Hemisphere (Fig. 3A). The lowest isotopic val-
ues coincide with the mean position of the ITCZ 
and the ice sheet margin, refl ecting depletion 
primarily through increased rainout associated 
with convection and orographic lifting, respec-
tively. The relatively high values in the Northern 
Hemisphere represent monsoonal precipitation 
that has experienced little depletion from its 
marine source (Fig. 3A).

Deglaciation generally causes tropical pre-
cipitation δ18O to increase. The contraction/
removal of the Gondwanan ice sheets causes 
tropical precipitation δ18O to increase by several 
per mil (cf. Figs. 3A, 3C). Because the global 
average temperature is higher, kinetic effects 
during evaporation are reduced. Also, in regions 
with reduced convective precipitation, the 
amount effect is decreased, resulting in heavier 
vapor. In comparison, the increase in pCO

2
 has a 

smaller affect on precipitation δ18O. Owing to a 
reduced kinetic effect, precipitation δ18O gener-
ally increases throughout the Tropics by ~1‰ 
(cf. Figs. 3C, 3D). The exception is southwest-
ern Pangea (at ~20°S), which experiences pre-
cipitation δ18O increases of up to 4‰ due to a 
reduction in convective precipitation.

DISCUSSION AND CONCLUSIONS
The late Paleozoic model results predict that 

the deglaciation of Gondwana would have led 
to substantial changes in climate over equatorial 
Pangea including (1) increased aridity through-
out the equatorial region, (2) continental warm-
ing, (3) displacement of tropical biomes with an 
expansion of deserts and diminution of forests, 
(4) development of seasonal cross-equatorial 
westerlies, and (5) increase in low-latitude pre-
cipitation δ18O. The deglacial trends simulated 
by the GENESIS-BIOME model are consistent 
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Figure 1. Simulated ecological biomes for ICE-L (A), ICE-I (B), ICE-S (C), LCO2 (D), and HCO2 
(E) experiments. BIOME4 simulates 27 different ecological biomes; these biomes were con-
densed into nine mega-biomes according to Harrison and Prentice (2003) to simplify com-
parisons between experiments. Specifi ed continental ice sheets on Gondwana are shown in 
white. The intermediate (B) and large (A) ice-sheet reconstructions are idealized, and were 
created by simply expanding the small ice-sheet margin over land (C). The red star represents 
the location of western tropical Pangea as discussed in the Discussion and Conclusions.
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with tropical climate changes inferred from the 
Permo-Carboniferous sedimentary record.

The magnitude of these trends is sensitive to 
the extent of Gondwanan continental ice prior to 
deglaciation and the CO

2
 rise during deglaciation, 

boundary conditions that are not known with cer-
tainty. In this study, we used CO

2
 levels and ice-

sheet extents that bracket a large range of these 
boundary conditions. Here, we evaluate whether 
the boundary conditions used in GENESIS  
are consistent with the late Paleozoic tropical 
proxy data. Geological evidence from western 
Pangea (see Fig. 1A) records a large Permo-
Carboniferous  warming from 22 to 35 °C, a shift 
in the dominant tropical fl ora to assemblages with 
a dry affi nity, and variations in meteoric water 
δ18O from −5.5 to −3.5‰ (Tabor and Montañez, 
2005; Montañez et al., 2007). For comparison, in 
the high CO

2
 experiment, MATs are 40–42 °C, 

mean annual precipitation δ18O ranges from −2.5 
to −1.5‰, and tropical fl ora are replaced by desert. 
In addition, precipitation δ18O in western tropical 
Pangea increases by less than 1‰ between the 
high and low CO

2
 experiments. On the basis of 

the model-data mismatches, we infer that paleo-
CO

2
 levels were likely lower than 2800 ppm and 

that an increase in CO
2
 alone could not account 

for the observed changes in meteoric δ18O or the 
shift in low-latitude wind direction.

Comparisons between GENESIS climate pre-
dictions for the late Carboniferous glaciation and 
tropical proxy data indicate that the intermedi-
ate ice-sheet reconstruction may provide the best 
agreement. In the ICE-S experiment, MATs and 
precipitation δ18O are too high, 26–28 °C and 
−3.5 to −2.5‰ respectively in western  Pangea. 
(Note that 1.5‰ was added to the model simu-
lated precipitation δ18O to account for an increase 
in mean seawater δ18O during this time of 
greater ice volume [Joachimski et al., 2006]). 
Moreover, GENESIS simulates only minor dif-
ferences in tropical precipitation and vegetation 
between the ICE-S and LCO

2
 experiments, a 

prediction that is at odds with Carboniferous evi-
dence of glacial-interglacial wet-dry cycles and 
fl oral dominance oscillations (DiMichele et al., 
2001; Kessler et al., 2001; Cecil et al., 2003). In 
the ICE-L experiment, MATs in western tropical 
Pangea are likely too low, 18–20 °C.

We emphasize that these model-data compari-
sons are based on limited tropical data, and that 
additional quantitative proxy data from across 
tropical Pangea are needed. Nonetheless, these 
comparisons suggest that (1) neither the small 
ice-sheet reconstruction nor the high CO

2
 level 

is supported by paleoclimate and paleofl oral evi-
dence, and (2) neither the Gondwanan ice sheet 
removal nor the CO

2
 rise could independently 

account for the Permo-Carboniferous climate 
proxy record. However, in combination, ice-sheet 
contraction and pCO

2
 rise can account for all of 

the major climate trends on equatorial Pangea.

A B

C D

Latitude

Te
m

p
er

at
u

re
 (o

C
)

Pr
ec

ip
it

at
io

n
 ra

te
 (c

m
 d

ay
-1

) 

90oS 0o 90oN

0.6

0.4

0.2

0.0

90oS 0o 90oN

40

20

0

-20

-40

-60

Pr
ec

ip
it

at
io

n
 ra

te
 (c

m
 d

ay
-1

) 

90oS 0o 90oN

0.6

0.4

0.0

0.2

Latitude

Zo
n

al
 v

el
o

ci
ty

 (m
 s

-1
)

20oS 0o 10oN10oS

6.0

4.0

2.0

0.0

-2.0

-4.0

-6.0

LCO2
ICE-S
ICE-I
ICE-L

HCO2

Figure 2. Zonal continental climate averages of annual surface temperature (°C) (A), 
 December-January-February precipitation (cm day–1) (B), June-July-August precipitation 
(cm day–1) (C) , and December-January-February zonal velocity (m s–1) (D). The legend for all 
panels is shown in C. In D, the zonal average velocity was estimated over western tropical 
Pangea. All zonal averages were calculated over land.

A B

C D

20oN

20oS

0

90oE 180o 90oW

20oN

20oS

0

90oE 180o 90oW

-14 -10 -8 -6 -4 -2 0

Mean annual δ18O

Figure 3. Mean-annual simulated precipitation δ18O (‰) relative to standard mean ocean 
water. Results are for the ICE-L (A), ICE-I (B), LCO2 (C), and HCO2 (D) experiments. In all 
experiments, the seawater δ18O is 0‰. In general, deglaciation increases precipitation δ18O. 
The large δ18O differences between experiments at 10°S are linked to a decrease in convec-
tive precipitation, which has low δ18O. The thick line represents the continental outline of 
Pangea.



774 GEOLOGY, September 2007

An alternative interpretation is that the model-
data differences arise from defi ciencies in the 
GENESIS-BIOME model. In particular, the 
specifi cation of present-day ocean heat transport 
in GENESIS may bias our results. Although we 
acknowledge the potential for model shortcom-
ings, we suspect that the large uncertainty in 
boundary conditions is likely the primary cause 
for the mismatch. GENESIS’s climate sensitiv-
ity, e.g., annual global warming of 2.5 °C with 
a doubling of CO

2
, is similar to that of other 

GCMs (Thompson and Pollard, 1997). Late 
Paleozoic paleo-CO

2
 estimates have an uncer-

tainty of approximately ± 1200 ppm (Montañez 
et al., 2007), and the timing and extent of Gond-
wanan glaciation is debated.

In conclusion, this study supports the hypothe-
sis that the Gondwanan deglaciation had a major 
infl uence on tropical Pangea. Our late Paleozoic 
simulations provide specifi c predictions that are 
consistent with the Permo-Carboniferous sedi-
mentary record of tropical change, and that may 
be useful in constraining paleo-CO

2
 levels and 

the extent of continental ice on Gondwana.
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