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ABSTRACT

Reconstructions of Phanerozoic CO, levels have generally relied on geochemical mod-
eling or proxy data. Because the uncertainty inherent in such reconstructions is large
enough to be climatically significant, inver se climate modeling may help to constrain paleo-
CO, estimates. In particular, we test the plausibility of this technique by focusing on the
climate from 360 to 260 M a, a time in which the Siberian landmass was in middle to high
latitudes, yet had little or no permanent land ice. Our climate model simulations predict
alower limit for CO,—the value beneath which Siberia acquires ‘‘excess” ice. Simulations
provide little new information for the period in which Siberia was at a relatively low
paleoaltitude (360-340 M a), but model resultsimply that paleo-CO, levels had to be great-
er than 2-4x modern values to be consistent with an apparently ice-free Siberia in the
late Permian. These results for the later period in general agree with soil CO, proxies
and the timing of Gondwanan deglaciation, thus providing support for a significant CO,
increase before the end-Permian boundary event. Our technique may be applicable to

other time intervals of unipolar glaciation.
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INTRODUCTION

The growing body of deep-time paleocli-
matic data provides us with a valuable oppor-
tunity to test climate models. Those that fail
to simulate climates different from the present
climate will clearly lack generality; therefore,
less confidence can be placed in their predic-
tions of future climate change. Before such
tests can be conducted, we need to have area-
sonably accurate set of boundary conditions
and inputs for the eras in question. It has long
been recognized that one of the key inputs is
the atmospheric CO, level, and considerable
progress has been made in reconstructing
Phanerozoic CO, levels, e.g., geochemica
modeling by Berner and Kothavala (2001) and
Berner (2006), and by paleosol evidence, e.g.,
Mora et a. (1996) and Ekart et a. (1999).
However, reconstructions of paleo-CO, levels
are complicated by uncertainties in the under-
lying data, for example, rates of continental
weathering, seafloor spreading, etc. Thus,
model predictions such as GEOCARB Il in
Berner and Kothavala (2001) and GEOCARB-
SULF in Berner (2006) are necessarily accom-
panied by large error bars. For example, from
the climate modeling point of view, the dif-
ference between 2X and 4X CO, is very
significant.

This sensitivity to CO, level leads to the
possibility that we may be able to estimate
CO, through inverse modeling, i.e., we can
attempt to determine for a given erajust which
values of CO, reconcile climate model output
with some subset of geological data, and then
compare this CO, prediction with geochemi-
cal or other estimates. Consider the question
of predicted versus observed ice volumes.
Large ice sheets tend to form most easily
when summer temperatures are low, which in
turn requires both a low average temperature
and a weak seasonal cycle (North et al., 1983;
Crowley et a., 1986; Hyde et al., 1989).
Landmasses with cold average temperatures
(e.g., northern Canada) will not sustain per-
manent ice if a strong seasonal cycle results
in a strong summer melt season. However, a
small- to medium-sized continent in a high-
latitude location will have comparatively cool
summers and is particularly likely to be gla-
ciated, and an absence of such glaciation is a
strong indicator of high CO, levels.

Siberia in the Permian—Carboniferous
seems to fulfill these conditions. In this age
interval, it was an isolated continent of small
to medium size (Fig. 1) and was the northern-
most major landmass. Therefore, the condition
of an ice-free Siberia may provide a lower

boundary for atmospheric CO,. Evidence
from the high northern latitudes in the
Permian—Carboniferous is consistent with a
transition from awarm climate, in which there
was little or no permanent ice (perhaps high-
altitude glaciers), to one with extensive sea-
sonal seaice. Small amounts of permanent ice
cannot be ruled out (Crowell, 1999; Zharkov
and Chumakov, 2001). For example, in the
Sverdrup Basin, Beauchamp (1994) finds a
transition from ‘“tropical like” to temperate-
warm during the Artinskian (~280 Ma) and a
continued cooling to temperate-cold in the
Kungarian-Kazanian (~255 Ma). Thisis con-
sistent with evidence for an increased area of
ice-marine deposits on the Kolyma River at
this time (Epshteyn, 1981), and cold-water
fossils in the Sverdrup Basin and Siberia are
overlain in places with Tartarian-stage (~250
Ma) coal beds (Crowell, 1999). There are also
Late Permian glacial and glacial-marine sedi-
ments amid marine facies in the Kolyma and
Okhotsk massifs, and probably in the Verkho-
yansk fold belt (Epshteyn, 1973; Chumakov,
1994; Zharkov and Chumakov, 2001). Finaly,
Hambrey and Harland (1981) argued for a
cold climate in northeast Siberia (lower and
middle reaches of the Kolyma River) during
the Kazanian on the basis of diamictites,
which they interpreted as ‘‘ice-marine”’
deposits.

METHODS

The climate-ice-sheet model consists of
four submodels that predict ice flow, mass bal-
ance, temperature, and bedrock sinking. Iceis
assumed to flow subject to a temperature-
independent rheology based upon the Nye for-
mulation (Nye, 1959). Precipitation/ablationis
computed according to statistical models
(Reeh, 1990; Huybrechts and T’ Siobbel,
1995), which themselves need inputs of
monthly temperatures from a nonlinear, two-
dimensional (latitude-longitude), diffusive,
seasonal, energy-balanced model (EBM)
(Hyde et al., 1989). Bedrock sinking is as-
sumed to occur with a time constant of 4000
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Drift of Northern Siberian Highlands, 360-260 Ma
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Figure 1. Path of Siberia from 260 to 360 Ma. In early Carboniferous (Mississippian), Siberia
was in low mid-latitudes (contoured figure). Over period 360-260 Ma, Siberia drifted north-
ward. Large black dots give northernmost location of Siberian highlands (500 m) over this
period. While drift from 340 to 280 Ma was fairly constant, a sharp northward jump occurred
between 280 and 260 Ma. This should have encouraged ice-sheet inception. Topographic

reconstructions are from Scotese (2001).

yr. For a more complete description of the
model, see Tarasov and Peltier (1997). The
EBM has been validated against many differ-
ent global circulation models (GCMs) (Crow-
ley et a., 1991), while the coupled EBM—ice-
sheet model has reproduced many features of
climate change over the last 120,000 yr and
predicts ice for about 80% of the known gla-
cia deposits for the radically different geog-
raphy of the Carboniferous ice age (Hyde et
al., 1999), and has also been applied to Neo-
proterozoic glaciation (Hyde et a., 2000).

Our strategy isto use this model to simulate
Siberian ice for a variety of CO, levels every
20 m.y. in our target interval (360-260 Ma),
and determine which CO, levels are consistent
with the geologic evidence for Siberian ice.
However, a number of uncertainties must first
be considered.

1. Absence of evidence is not evidence of
absence. Given the imperfection of the geo-
logic record, it is not reasonable to declare that
the evidence demands there be zero ice on Si-
beriain this interval. For the purposes of this
study, we deem any climate with <1 X 10°
km?3 of ice (approximately one-third the vol-
ume of the Greenland ice sheet) to be consis-
tent with the evidence for an ice-free Siberia
(we call this the small ice-sheet criterion). An
ice sheet of this size would have a negligible
effect on sea level, and would probably leave
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a small glacia geomorphological footprint,
which could plausibly have remained unde-
tected, given erosion and burial over the past
300 m.y.

2. Paleotopography is more uncertain than
paleogeography, but it is an important bound-
ary condition. High topography allows ice
sheets to nucleate in sites that would other-
wise beice free (Hyde et a., 1999). The mod-
el alows multiple equilibria—for some
boundary conditions, two or more stable cli-
mates exist (i.e., with or without an ice sheet).
In such a model, a small topographic change
may lead to a very different climate (Hyde et
al., 1999). However, this is not the case with
the small Siberian ice sheets we are consid-
ering, because they do not reflect enough sun-
light to allow for multiple equilibria (North,
1984). A different mechanism due to the feed-
back between ice-sheet height and mass bal-
ance can also cause multiple equilibria, but
this does not seem to occur in the simulations
performed in this study. Hence, reasonable
changes in Siberian topography should not
cause the model to simulate a qualitatively
different ice volume.

Given the need for consistency between ex-
periments, we assume zero topography (other
than that provided by the ice sheets them-
selves). In light of this, our CO, predictions
are minima. We use the paleogeography pro-

duced by the Paleomap project (Scotese and
Golonka, 1992; Scotese, 1994, 2001), which
has an estimated latitudinal error of less than
five degrees. We note that this pal eogeography
is largely consistent with the Permian recon-
structions of Ziegler et al. (1997). No attempt
is made to model albedo change resulting
from different vegetation regimes.

In our target interval, three factors other
than CO, affect Siberian climate. They are (1)
a genera northward drift of the landmass as
shown in Figure 1, (2) a 1% increase in the
solar constant per 100 m.y. (Crowley and
Baum, 1992), so that the solar constant grows
from 0.964X present value at 360 Mato 0.974
at 260 Ma, and (3) increased continentality
(Scotese, 2001). With time, the first of these
factors should favor ice-sheet formation, while
the last two should favor ice-free conditions
by increasing the average temperature and the
seasonality (summer warmth), respectively.

Each of our model runs is 200 k.y. long.
For each time dlice, we examine the climate
response to CO, levels ranging from about
0.5X to 12X present, in intervals equd in in-
frared (IR) forcing to 2.0 W/m? (for compar-
ison, the radiative gap between 1X and 2X is
~4 W/m?). At critical points, where the ice
amount changes rapidly with CO,, we use fin-
er intervals.

In addition to the these changes in CO,, so-
lar constant, and geography, the model is driv-
en by Milankovitch orbital insolation forcing
identical to that which will occur in the next
200 k.y. (Berger, 1978). While we recognize
that Milankovitch forcing was different in this
era, in some circumstances, orbital change
causes ice-sheet initiation, which would not
occur for constant orbital parameters (Hyde et
al., 1999).

MODEL RESULTS

Our ensemble of experiments produces an
array of ice volumes as a function of time and
CO, level. We show this schematically in Fig-
ure 2, where the orange area corresponds to
simulations with a vanishingly small amount
of ice (<10* kmd), the gray area to ice vol-
umes of 104108 km3, and the blue aress to
ice volumes >106 km3. Given our ‘‘small ice-
sheet criterion,”” the orange and gray areas are
consistent with the evidence for Siberian ice,
except possibly at 260 Ma. For reference, we
aso plot the mean GEOCARB Il vaue
(dashed line), as well as the more recent GEO-
CARBSULF (Berner, 2006) results.

It is clear from this figure that the north-
ward drift of Siberia (Fig. 1) dominates over
the increasing solar constant and continental-
ity as a proximal cause for glaciation. Hence,
the model requires CO, levelsto increase with
time in order to keep Siberia ice free. This
also has the consequence that the area in
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Figure 2. Comparison of predicted Siberian
ice regimes with GEOCARSB Il (dashed line)
and GEOCARBSULF (solid line) CO, esti-
mates. Early in our target interval, Siberia is
far enough south that large ice sheets can-
not be grown, except perhaps at unrealisti-
cally small CO, levels. Hence, our results
are consistent with GEOCARB Il (Berner,
2001), and we have learned nothing new. In
the Permian, however, Siberia’s higher lati-
tude results in simulation of substantial ice
on Siberia, except for under conditions of
very high CO, levels. Upper and lower GEO-
CARSB lll error bars are plotted for reference.
Time scale is from Gradstein et al. (2005).
V—volume; RCO,—ratio of CO, to the pre-
industrial value.

RCO, (ratio of CO, to the preindustrial value)
space, in which ice is within the range 10—
10% km3, increases with time. This is due to
the saturation of the CO, bands represented in
the logarithmic relation between radiative
forcing and CO, in Myhre et al. (1998). Thus,
the intermediate low-ice state (gray in Fig. 2)
broadens as Siberia drifts northward.

As GEOCARBSULF predicts a generally
declining level of atmospheric CO, with time
in the Permian—Carboniferous, our small ice-
sheet line eventually rises above the mean
GEOCARBSULF prediction, indicating dis-
agreement. However, geochemical predictions
have an inherent uncertainty. The true level of
agreement or disagreement between the model
and the older GEOCARB III results is re-
vealed in Figure 3. In this figure, we plot the
various intersection sets between the ice-
volume regimes predicted by the model (Fig.
2) and the swath allowed by the GEOCARB
111 results, including error bars.

Barring some uncertainty at 260 Ma, the
green zone in Figure 3 corresponds to levels
of CO, that satisfy both GEOCARB IIl and
the model’s small ice-sheet criterion. The blue
zone is alowed by the model but forbidden
by GEOCARSB lll, the yellow zone is forbid-
den by the model but allowed by GEOCARB
111, while CO, values in the red area are for-
bidden by both. Our green zone also displays
a considerable degree of concordance with
other paleo-CO, reconstructions, e.g., Royer
et a. (2004), as summarized in Figure 3.
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Figure 3. Confidence limits on GEOCARB llI
and model’s predicted 1 x 10% km? ice-
volume line can be used to divide (time,
CO,) plane into a number of regions. Red
region represents CO, levels that are both
below lower confidence limit of GEOCARB
Il and for which model predicts an ice sheet
too large to be compatible with Siberian ge-
ology. Yellow region consists of CO, levels
that are compatible with GEOCARB Il but
not with model results. Green areas are
compatible with both, and blue regions have
CO, levels that are compatible with model,
but lie outside GEOCARSB Il limits. Circa 260
Ma, Siberia might have supported more land
ice than our horizon of 10 km?. If so, our
inverse modeling results will allow a lower
CO, level at that time. Time scale is from
Gradstein et al. (2005). We also compare our
phase domains with paleo-CO, reconstruc-
tions compiled in Royer et al. (2004). RCO,—
ratio of CO, to the preindustrial value.

The location of the alowed zone in our
model obviously depends on our small ice-
sheet criterion. A more stringent criterion
(<10* km? of ice) has a negligible effect at
360 and 340 Ma, but a progressively larger
one until more than 8X CO, isrequired at 260
Ma (Fig. 2). Allowing double the ice of our
criterion naturally lowers the minimum al-
lowed CO, level, but by <1/2X CO,. This
widens the zone of agreement between the
model and GEOCARB I11.

For the earlier part of the Carboniferous,
360 and 340 Ma, our inverse method supplies
no new information. Siberia lies far enough
south that even CO, levels much lower than
those predicted by GEOCARBSULF or other
paleoreconstructions are consistent with an
ice-free Siberia. Even given substantial topog-
raphy on Siberia, this conclusion is unlikely
to change significantly, with only the lower
range of the Royer et al. (2004) composite
likely to be inconsistent with model results
(Fig. 3).

Near 320 Ma, the modd’s lower limit
agrees closely with that of GEOCARBSULF
and is aso consistent with other paleorecon-
structions. At 300 Ma, the model agrees only

Late Paleozoic Ice Volume as a
Function of Geography and CO2
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Figure 4. Calculated Gondwanan ice volume
as a function of paleogeography and CO,
level for 280 and 260 Ma. A substantial
Gondwanan ice sheet is consistent with CO,
levels in green zone of Figure 3 at 280 Ma,
while at 260 Ma, the ice sheet is largely elim-
inated by CO, levels in upper third of GEO-
CARB lll range. Arrows suggest a trajectory
path for deglaciation—a northward move-
ment of landmasses causing initial melting
followed by a suggested CO, feedback (of
unspecified origin).

with the extreme upper limit of the GEO-
CARB 11 results, while at 280 Ma, it seems
to be in agreement with the new GEOCARB-
SULF predictions, but not with the GEO-
CARB Il results. For these latter times, the
model is also in agreement with the results of
Tabor et a. (2004) and Royer et a. (2004)
(Fig. 3), which suggest somewhat higher CO,
levels.

For 260 Ma, the assumption of no largeice
sheet on Siberia also results in good agree-
ment with the GEOCARBSULF results. How-
ever, there is more evidence for Siberian ice
at this time, so our small ice-sheet criterion
may not hold. The evidence for ice is sparse
enough that it does not seem probable that the
ice sheet was very large, but if the Siberian
ice sheet at 260 Ma were as large as 2 X 106
km3, the climate model would agree with the
middle range of the GEOCARB Il estimates
for this period. The lower GEOCARB 11 es-
timates would result in ice sheets that appear
to be too large (~6 X 105 km3 for present
CO,), as would the Beerling (2002) proxy es-
timates. While our intent in this paper is to
focus on Siberia, the model’s predictions of
Gondwanan ice (Fig. 4) provide a consistency
check on our results. Note that the northward
movement of the entire Pangean landmass af -
ter 280 Ma was associated with a decrease in
ice cover on Gondwana. However, CO, feed-
backs would have to be invoked to boost lev-
els from about 1.8X to 45X CO, (~480-
1260 ppm)—enough to preclude significant
ice cover in both north and south. R.A. Berner
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(2005, persona commun.) states that no rea-
sonable combination of parameters allows
GEOCARBSULF to predict more than ~4X
COs in thisinterval.

The agreement in the Late Permian with
GEOCARBSULF (but not with GEOCARB
I11) is perhaps the most interesting result we
obtained. The model also agrees with much of
the soil proxy CO, data, but not with the sto-
mata proxy CO, data. High CO, levelsfor this
time are also required for the massive melt
back of Gondwanan ice cover in the Sakmar-
ian a ~270 Ma, eg., Crowley and Baum
(1992), Ziegler et a. (1997), Crowell (1999),
and Hyde et a. (1999). Part (or al) of the
stomatal data discrepancy could reflect the
time scale used in various proxy CO, data
sets, as shown by Royer (2006), who dem-
onstrated that putting al data on a uniform
time scal e supports the interpretation of higher
CO, levels before the end of the Permian,
which is in agreement with our results.

CONCLUSIONS

In this paper, we have shown how an in-
verse modeling technique involving predic-
tions of ice volume can be used as a constraint
on paleo-CO, values. We have applied the
technique to the question of Permian—
Carboniferous Siberian ice volume, with the
result that the model agrees with the new
GEOCARBSULF results (except at 300 Ma),
but not with the earlier GEOCARB |11 predic-
tions. For the interval 300280 Ma, 2X pres-
ent CO, allows the existence of a substantial
Gondwanan ice sheet. Constraints due to the
presence or absence of ice for both Siberiaand
Gondwana, combined with new analyses and
models, thus may provide a consistent view of
high CO, levels before the end-Permian event.
Our technique should be applicable to other
times, particularly those that have small, ice-
free continents at high latitudes.
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