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ABSTRACT

Earth's climate during the Phanerozoic oscillated between intervals punctuated by a few ice ages (three in the
Paleozoic and the current ice age in the Late Cenozoic, corresponding to a cumulative glacial occupancy of ~17%
of the eon) to none documented in the intervening ~225-Myr-long interval encompassing the latest Paleozoic,
entire Mesozoic, and early Cenozoic, here termed the ‘Greater Mesozoic’ glacial gap. In this review, we compile
and synthesize published paleogeographic reconstructions from 530 Ma to the present to quantify the distri-
bution of land and sea by hemisphere and zonal climate belts and reconstruct surface reflectivity through time.

fee ages We show that hemispheric asymmetries in land area generated large imbalances in surface albedo that require
compensating processes—most plausibly more clouds to increase albedo of the darker, more oceanic hemisphere,
as occurs today—to maintain Earth's overall hemispheric radiative symmetry and heat balance. Intervals
including glaciations, especially in the Paleozoic but also in the Late Cenozoic, are characterized by high
compensated reflectivity and lower absorbed solar flux, calculated from compensated reflectivity and secular
solar evolution, while low compensation values and higher absorbed solar flux mark the intervening ~225-Myr-
long ‘Greater Mesozoic’ glacial gap. For example, the contrast between the pre-onset states of the Late Cenozoic
and Late Paleozoic ice ages is ~14 W m~2, implying that, even assuming atmospheric damping, the effective
climate conditioning remains on the order of CO2 doubling (or halving) forcings. We therefore propose that
glaciations were preferentially triggered under high compensated reflectivity preconditions, corresponding to
low absorbed solar flux, which may have reduced the energetic threshold for COz-driven ice-sheet initiation,
especially when coupled with enhanced CO: sink efficiency through continental weathering on equatorial
landmasses, including arc-continent collision zones and topographically elevated large continental igneous

provinces.
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1. Introduction

Global climate during the Phanerozoic, the past 540 million years
(Ma) of Earth history (IUGS, 2024), can be characterized as generally
warm, at least free of continental glaciations, interspersed by three or
four ice ages representing only about 1/6 of the time (Fig. 1A). The few
ice ages are also not uniformly distributed in time. In the Paleozoic Era,
the Late Ordovician Hirnantian (H) ice age is the oldest and the shortest
(457 to 455 Ma (Bergmann et al., 2025) although perhaps extending into
the Silurian to ~440 Ma (Macdonald et al., 2019)); a rather less certain
Late Devonian (LD) glaciation (~365-359 Ma, Macdonald et al., 2019);
and the longest at ~50-Myr Late Paleozoic ice age (LPIA, 330 to 280 Ma,
Montanez, 2022; Montanez and Poulsen, 2013; or up to ~260 Ma;
Macdonald et al., 2019) all occurred on continents in high southern
hemisphere paleolatitudes. These were followed by a ~225 Myr
glaciation-free interval encompassing the latest Paleozoic, the Mesozoic
and early Cenozoic, hereafter referred to as the ‘Greater Mesozoic’
glacial gap, with little to no evidence of ice sheets until the current Late
Cenozoic ice age (LCIA) that started at the beginning of the Oligocene
(~34 Ma) with Antarctic glaciation at high southern paleolatitudes
(DeConto and Pollard, 2003) and eventual evidence of ice in Greenland
(Eldrett et al., 2007) leading to bipolar ice sheets by the Quaternary.
This is the broad spatiotemporal pattern of climate we seek to explain.

Global climate is driven by solar insolation penetrating the atmo-
sphere as shortwave radiation that is converted to blackbody longwave
radiation, which gets absorbed by greenhouse gases with the heat
distributed by the coupled ocean-atmosphere system in response to
horizontal and vertical gradients created by buoyancy plus Coriolis and
tidal forces (Manabe and Broccoli, 2020). The faint young Sun paradigm
(Feulner, 2012) points to an increase of about a 1% per ~110 Myr in
insolation at the top of the atmosphere during the Phanerozoic (Gough,
1981); there is also the rhythmic spatiotemporal distribution of insola-
tion on annual and orbital (Milankovitch) timescales that can account
for climate oscillations over thousands to several millions of years (e.g.,
Olsen et al., 2019). Planetary albedo, the proportion of insolation re-
flected back into space, is currently about 0.3 (Stephens et al., 2015);
about half is due to cloud cover for which there are no proxies in modern
or deep-time climate reconstructions.

Major long-term climate changes tend to be vested in the carbon
cycle and resulting variations in atmospheric COy (Berner, 1990;
Crowley and Berner, 2001). CO3 is a greenhouse gas that has constituted
several hundred to a few thousand parts per million by volume (ppmv)
of the atmosphere as gauged directly by measurements of atmosphere
trapped in bubbles in Antarctica ice that now extend back to about 3 Myr
(Luthi et al., 2008; Marks-Peterson et al., 2026), of infrequent fluid in-
clusion results (Lowenstein et al., 2014), and more generally by fossil
proxies such as leaf stomata, pedogenic carbonates and boron isotopes
(CENCO2PIP_Consortium, 2023; Foster et al., 2017). The available
proxy data generally extend back to around 415 Ma with the appearance
and spread of land plants in the Siluro-Devonian.

Atmospheric concentrations of CO, have also been inferred for the
entire Phanerozoic from mass balance carbon-cycle models, notably
GEOCARBSULF _volc (Berner, 2006a; Berner, 2006b), COPSE (Lenton
et al., 2018), and SCION (Mills et al., 2021) (Fig. 1B). Such carbon-
cycle models include both volcanic degassing and CO2 consumption
processes, although long-term atmospheric CO: evolution is often
considered to be more strongly influenced by variable outgassing
inferred from broadly estimated global changes in sea-floor production
(Gaffin, 1987; Berner, 1990) and associated subduction through time.
However, the best available direct analysis of extant sea floor (Rowley,
2002) indicates no significant long-term trends in the rate of sea-floor
production over the past ~180 Myr, although shorter-term

fluctuations are evident, and this conclusion extends back to ~240 Ma
when deformation along major rifts and collision zones is taken into
account (Miiller et al., 2019).

If generally valid as null hypothesis, this observation would argue
that the average CO: input to the ocean—-atmosphere system from plate-
tectonic sources has remained steady over much longer stretches of
geologic time. Long-term changes in atmospheric CO2 would then be
more plausibly linked to variations in CO2 consumption
processes—principally silicate weathering (Walker et al., 1981) and
organic carbon burial (Berner, 2003)—rather than to fluctuations in
outgassing rates. The silicate weathering feedback acts as the dominant,
rapid sink regulating atmospheric COz on multimillion-year timescales.
Its efficiency is maximized within the equatorial belt (10° S-10° N),
where warm temperatures and intense runoff, especially with topo-
graphic relief (Goddéris et al., 2017), promote strong chemical weath-
ering and substantial CO2 drawdown even under relatively modest CO2
levels and consistent with simulated (Manabe and Bryan, 1985) lat-
itudinal climate gradients. Therefore, mappable paleogeographic fea-
tures within the equatorial belt—such as the distribution of equatorial
land area or more specifically arc-continent collisions (Macdonald et al.,
2019) (Fig. 1C), increased continental exposure during long-term ma-
rine regressions associated with supercontinent assembly (Zhang et al.,
2025), continental arc length (Cao et al., 2017), and continental large
igneous provinces (LIPs; Kent and Muttoni, 2013; Park et al., 2021)
(Fig. 1D)—are critical for understanding the Phanerozoic CO: balance
and its links to major climate events.

It is, however, already clear that inferences of global temperature
from the available empirical or modeled CO; records (Fig. 1B) do not
always have a consistent relationship to the first-order record of Phan-
erozoic glaciations. As expected, the LCIA is generally associated with
low pCO, estimates, especially for the last few million years for which
there are varied sources of consistent data (Fedorov et al., 2013). The
LPIA and LD are also associated with low pCO: estimates from the
empirical proxy record and GEOCARBSULF _volc, whereas the COPSE
and especially SCION models are characterized by more variable and
often much higher pCO: estimates (e.g., ~400 ppmv with COPSE versus
~4000 ppmv with SCION for LD at 350 Ma). More problematic still is
that all the carbon-cycle models yield even higher pCO: for the Hir-
nantian (~450 Ma) ice age, which is characterized by unambiguous
glaciation features preserved in the stratigraphic record of North and
West Africa (Ghienne et al., 2023) and elsewhere in high southern
paleolatitudes. Recent compilations of pCO» proxies hardly extend back
before the Devonian or ~420 Ma (Foster et al., 2017) and thus cannot
validate or refute the carbon-cycle models that tend to point to anom-
alously high pCO5 levels (>2000 ppmv) in the early Paleozoic (Fig. 1B).
On the other hand, all these carbon-cycle models seem to indicate
relatively low pCO, values (<1000 ppmv), similar to those in the LPIA,
from ~200 to 150 Ma within the 225 Myr-long ‘Greater Mesozoic’
glacial gap, although there is a paucity of pCO, proxy values reported for
the Jurassic (Fig. 1B) (Foster et al., 2017). Discrepancies between the
available pCO5 records and continental glaciations in the Early Paleozoic
and elsewhere, as had also been noted, for example, by Veizer et al.
(2000), prompted Crowley and Berner (2001) to suggest the need to
expand the scope of climate modeling to resolve these dilemmas.
Accordingly, an important paper by Goddéris et al. (2014) increased the
complexity of climate models with explicit consideration of the hydro-
logical cycle and the role of paleogeographic factors such as the lat-
itudinal distribution of continents to modulate climate through CO,
consumption by silicate weathering.

Rather than delve into detailed factors, such as paleogeographically-
induced changes in ocean circulation that could reorganize heat trans-
port (e.g., Haug et al., 2004; Kennett, 1977), we build on the approach of
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Goddeéris et al. (2014) and Goddeéris et al. (2017) and review published
paleogeographic reconstructions to estimate how variations in the dis-
tribution of land masses may have influenced planetary surface albedo
in modulating global climate, particularly the occurrence of glaciations.
This largely follows the rationale of our analysis of surface albedo with
changing land-sea distributions with paleolatitude since the mid-
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Cretaceous (0-120 Ma; Kent and Muttoni, 2022), which we now
extend to the beginning of the Cambrian Period (540 Ma) and thus
encompassing the entire Phanerozoic Eon. A focus is the first-order bias
in land-sea distributions by hemisphere where systematic differences in
associated surface albedo imply that clouds or some other albedo-
enhancing agent acted to regulate the radiative balance between
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Fig. 1. (A) Plot of known Phanerozoic glaciations (H = Hirnantian, LD = Late Devonian, LPIA = Late Paleozoic Ice Age, LCIA = Late Cenozoic Ice Age) expressed as
latitudinal extents of glaciations (Macdonald et al., 2019); the ‘Greater Mesozoic’ glacial gap is also indicated. (B) Atmospheric CO: concentrations through the
Phanerozoic. Values for COPSE (Lenton et al., 2018), SCION (Mills et al., 2021), and GEOCARBSULF _volc (Berner, 2006a; Berner, 2006b) carbon-cycle models are
taken from listings in Torsvik et al. (2024). Panel B also shows pCO: proxy values from paleosols and alkenones (Foster et al., 2017). This dataset was reprocessed
using non-overlapping 5 Myr time bins. All CO2 values were converted to logarithmic scale (logi pCO:2) to perform the averaging in multiplicative space (geometric
mean). For each 5 Myr interval containing at least five independent data points (N > 5), the mean and standard deviation of logio pCO2 were computed. These
statistics were then back-transformed to ppmv to obtain central, lower, and upper estimates of CO2, corresponding to the geometric mean and + 1¢ limits. (C) Total
length of active sutures within 10° of the paleoequator (redrawn from Macdonald et al., 2019) and total area of continental land within 10° of the paleoequator (this
study). (D) Latitudinal distribution of continental Large Igneous Provinces (LIPs) from Park et al. (2021). Only LIPs with areal extent >0.5 x 10° km? are included.
Each symbol marks the paleolatitudinal position of a LIP at the time of emplacement, with symbol size proportional to its original areal extent (see Park et al., 2021).
LIPs characterized by emplacement at or very close to the equator are shown in red, whereas extra-equatorial LIPs, which may nevertheless have played an important
role in the broader evolution of Earth systems, are shown in green. All data are plotted with respect to the IUGS, 2024 geologic time scale (Cm = Cambrian, O =
Ordovician, S = Silurian, D = Devonian, C = Carboniferous, P = Permian, Tr = Triassic, J = Jurassic, K = Cretaceous, Pg = Paleogene, Ng = Neogene, Q =
Quaternary). The five major biotic mass extinctions (Sepkoski, 1996) are also shown: End-Ordovician event (EOE), End-Devonian event (EDE), End-Permian event
(EPE), End-Triassic event (ETE), and end-Cretaceous event (EKE). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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northern and southern hemispheres as shown for the present-day
(Stephens et al., 2015). Although not a direct proxy for water vapor
and cloudiness, we explore how estimates of hemispheric imbalance in
surface albedo might provide a broad framework of long-term changes
in radiative forcing of global climate to help explain how and when
glaciations have occurred. A review of the time-varying distribution of
land in the equatorial belt as the prime venue for CO, weathering
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sequestration complements the analysis.
2. Paleogeography and hemispheric land asymmetry
For paleogeographic reconstructions, we use apparent polar wander

(APW) paths and associated plate tectonic reconstruction parameters
from the literature (Besse and Courtillot, 2002; Besse and Courtillot,
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Fig. 2. Representative paleogeographic reconstructions showing the evolution of hemispheric land distributions over the Phanerozoic; the full set of 53 re-
constructions is provided in Fig. SIIA-F (details in SI1; maps generated using PaleoMac, Cogné, 2003). Plate and terrane acronyms identify the main continental
blocks discussed in the text: NAM, North America; SAM, South America; AF, Africa; EUR, Eurasia; ANT, Antarctica; AU, Australia; IN, India; IR, Iran; SC, South China;
NC, North China; INC, Indochina; MON, Mongolia; Q, Qiangtang; ARM, Armorica; AVA, Avalonia; SIB, Siberia; BAL, Baltica. Dark orange shading denotes Large
Igneous Provinces/arcs emplaced within the equatorial band, whereas light orange indicates LIPs/arcs variably persisting within the equatorial band during sub-
sequent plate motion. The distribution of polar latitudinal belts that presumably hosted the highest concentration of ice cover during the Hirnantian, Late Devonian,
LPIA, and LCIA glaciations is illustrated by blue shading. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)
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2003; Kent and Irving, 2010; Torsvik et al., 2012) (see SI1). We present
53 paleogeographic reconstructions interpolated at 10-Myr intervals
spanning the Phanerozoic Eon from the Early Cambrian (~530 Ma) to
the present (SI1: Fig. SI1A-F), a subset of which is shown in Fig. 2. The
reconstructions show the progressive assembly of Pangea during the
Paleozoic Era with the convergence of Gondwana, Laurentia, Siberia,
and Baltica, culminating by about 300 Ma in the Carboniferous in a
Pangea B configuration (Irving, 1977; Muttoni et al., 2003; Channell
et al., 2022; Kent and Muttoni, 2020). During the Permian, Pangea un-
dergoes internal reconfiguration from Pangea B (with the northern
margin of South America adjacent to the eastern margin of North
America) to Pangea A (the more familiar pre-dispersal configuration
with the northern margin of Africa adjacent to the eastern margin of
North America) through a complex dextral shear system between
Gondwana (e.g., South America and Africa) and Laurasia (e.g., North
America and Europe) involving intervening crustal blocks (Irving, 2004;
see also Aubele et al., 2014; Muttoni et al., 2009a). The geometry and
kinematic evolution of Pangea B remain actively debated (e.g., Domeier
et al., 2012 versus Kent and Muttoni, 2020). Nevertheless, even alter-
native global reconstructions generally imply a Carboniferous configu-
ration broadly equivalent to Pangea B, differing mainly in the timing and
kinematics of its transition toward the classic Pangea A arrangement (e.
g., Torsvik et al., 2012, figs.18,19). Here we follow the paleomagneti-
cally based reconstruction of Kent and Muttoni (2020), in which the
transformation from Pangea B to Pangea A occurred during the Permian.
From its formation at 260 Ma in the Late Permian to 180 Ma in the Early
Jurassic, Pangea A drifted northward immediately followed by pro-
gressive fragmentation toward the current distribution of continents.
The Jurassic paleogeographic reconstructions in terms of the latitudinal
framework also incorporate a true polar wander episode (Kent and
Irving, 2010), subsequently elaborated (Kent et al., 2015; Muttoni and
Kent, 2019; Muttoni et al., 2025), which is characterized by a rapid
shift with respect to the spin axis (monitored as the geocentric axial
dipole from paleomagnetism) of the whole Earth including all the major
tectonic plates about an equatorial Euler pivot located near present-day
western Africa. In particular, the reconstruction at ~150 Ma is essen-
tially derived from the 148 Ma cusp paleomagnetic pole of Muttoni et al.
(2025), which records the acme of this global polar shift. Although the
magnitude and timing, and even existence, of this Jurassic true polar
wander event remain actively debated (e.g., Kulakov et al., 2021 versus
Muttoni et al., 2025), the hypothesis has gained considerable attention
because it provides a coherent explanation for a range of otherwise
difficult-to-reconcile paleomagnetic, paleoclimatic and paleoenvir-
onmental observations (e.g., Hou et al., 2024; Yi et al., 2019; Muttoni
et al., 2025).

Within these reconstructions of the major continents, we also
included, where possible, the positions of several key mobile terranes.
For the Paleozoic interval, we reconstructed the northward drift of the
Avalonian terranes from Gondwana, as well as the migration of the
Armorican block. Our proposed reconstruction of Armorica places this
block accreted against Europe in a more easterly position, adjacent to
the southern margin of the East European craton (Fig. 2, reconstruction
at 380 Ma), which avoids the need for an extended sinistral motion of
Armorica relative to Gondwana in the mid-Paleozoic (~Devonian) as in
some conventional reconstructions (e.g., Torsvik et al., 2012). This
proposed geometry of accretion was subsequently modified by right-
lateral shear during the Pangea B to Pangea A transition (Muttoni
et al., 2009a), ultimately leading to the present longitudinal position
of Armorica relative to Europe. In the Tethyan realm, the Cimmerian
blocks (e.g., Iran) progressively migrated northward across the Tethys
Ocean from the Early Permian to the Late Triassic (Muttoni et al., 2009b)
where relative motions of the China-Indochina blocks are reconstructed
essentially following Kent and Muttoni (2020) (Fig. 2). We have also
positioned on these paleogeographic reconstructions several key conti-
nental Large Igneous Provinces (LIPs) emplaced in the equatorial humid
belt (within +10° paleolatitude), an optimal (warm and humid) venue
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for continental silicate weathering leading to carbon sequestration
(Dessert et al., 2003; Kent and Muttoni, 2008; Kent and Muttoni, 2013;
Macdonald et al., 2019) following Table 7.1 in Park et al. (2021) with
original estimated areas in million square kilometers (Mkmz).

Overall, these reconstructions are broadly consistent with other
global compilations (e.g., Torsvik et al., 2012), especially for the past
~180 Ma when reasonably well-defined apparent polar wander paths
(APWPs) as well as oceanic kinematic constraints (spreading histories,
transform trends) are available. There are nonetheless different in-
terpretations of paleogeography and plate kinematics debated already
for the Jurassic, notably the True Polar Shift. For the Paleozoic, paleo-
geographic configurations remain even less well constrained, partly due
to the lower quality of APWPs and partly because of the lack of pre-
served oceanic kinematics to fix relative longitudinal relationships
among Laurentia, Baltica, Siberia, and Gondwana, as well as the still
limited knowledge on the positions of Gondwana-related blocks.
Nevertheless, for the purpose of this work—namely, the calculation of
continental land distribution across climatic latitudinal belts averaged
by hemisphere—such longitudinal uncertainties in Paleozoic re-
constructions are not expected to have much impact. With the paleo-
geographic reconstructions in hand, we calculated continental (land)
surface areas distributed across latitudinal belts (0-10°, 10-35°, 35-65°,
65-90° in both hemispheres), which approximate idealized climate belts
(Manabe and Bryan, 1985; see also Kent and Muttoni, 2022). As digi-
tized continental areas from paleogeographic reconstructions may carry
uncertainties of a few million square kilometers, all surfaces were pro-
portionally rescaled so that the total land area is close to a reference of
150 Mkm?, approximating the present-day value (see SI2: Text S2 and
Table S4). Even after normalization, we estimate a residual uncertainty
of about +10% relative to the 150 Mkm? reference value. In the absence
of any observed long-term Phanerozoic trend in continental lithosphere
volume, this gross estimated uncertainty reflects tectonic and gla-
cioeustatic changes in continental outlines.

Within these uncertainties, we find that the long-term evolution of
continental land distribution reveals a robust asymmetry between the
northern and southern hemispheres that slowly shifted through time.
During the Paleozoic, landmasses were predominantly concentrated in
the Southern Hemisphere (Fig. 3A) where Gondwana dominated the
globe and imposed a globally unbalanced paleogeography. The Pangea B
to Pangea A reconfiguration in the late Permian (~260 Ma) marked a
transition toward a more balanced hemispheric continental distribution
that continued through the entire Mesozoic (252 to 66 Ma) and into the
early Cenozoic with the progressive breakup of Pangea. By around 34
Ma in the Cenozoic, this trend reversed as the Atlantic widened and the
bordering continents drifted farther northward. With India drifting from
the Southern Hemisphere to dock with Asia during the early Paleogene,
with proposed collision-onset ages ranging from the middle Paleocene
(~59 Ma; Hu et al., 2015) to the early Eocene (~50-46 Ma; Najman
et al., 2010; Dupont-Nivet et al., 2010), depending on the definition
and criteria used to date collision, the Northern Hemisphere acquired a
dominant share of land area culminating in the present-day asymmetry
(Fig. 3A).

Based on these data, we computed a hemispheric land bias index
(AH), which is the ratio of the difference in land area between the
Northern Hemisphere (NH) and the Southern Hemisphere (SH) to total
land area at each time step (Ma): AH = (NH - SH) / (NH + SH), where
NH + SH = 150 Mkm?. The AH index (Fig. 3B; Table S4), which theo-
retically ranges from +1 (all land in the NH) to —1 (all land in the SH),
exhibits a long-term variation across the Phanerozoic. In the Paleozoic,
AH has consistently negative values, about —0.8 in the Cambrian to
Devonian (~530-350 Ma) gradually changing to about —0.2 over much
of the ensuing Carboniferous and Permian interval (~350-260 Ma),
reflecting a progressive shift to a more balanced interhemispheric dis-
tribution of land area. The AH index then stays in a relatively narrow
range from —0.2 and +0.2 for the entire Mesozoic and the Cenozoic up
to ~34 Ma when it gradually increases above +0.2, reflecting a more
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contribution removed. (E) Plot of the known Phanerozoic glaciations (H = Hirnantian, LD = Late Devonian, LPIA = Late Paleozoic Ice Age, LCIA = Late Cenozoic Ice
Age) expressed as latitudinal extents of glaciations (Macdonald et al., 2019); the ‘Greater Mesozoic’ glacial gap is also indicated. All data are plotted with respect to

the TUGS, 2024 geologic time scale (acronyms as in Fig. 1).

north-biased continental configuration up to the present. What is note-
worthy is that the balanced Earth interval corresponds to the absence of
evidence for glaciation from ~260 Ma to ~34 Ma, the ‘Greater

Mesozoic’ glacial gap (Fig. 3), suggesting some connection(s) between
hemispheric land distribution and global climate forcing that we explore

below.
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3. Interhemispheric reflectivity bias

To reconstruct Northern Hemisphere reflectivity (Ryy) and Southern
Hemisphere reflectivity (Rsy) through the Phanerozoic, we first esti-
mated area-weighted surface-reflectivity contributions for four lat-
itudinal belts (see below), separated into land and sea components in
both hemispheres, for each paleogeographic reconstruction time inter-
val (see SI2: Text S3). Here, reflectivity refers to the area-weighted
contribution of each latitudinal belt to the total planetary reflectivity.
Because each contribution is normalized to the same total Earth surface
area, the contributions from individual latitude bands and hemispheres
can be summed to obtain hemispheric and global reflectivity (see SI2:
Text S3).

The adopted values broadly follow the approximate surface-
reflectivity scheme used by Kent and Muttoni (2022) for 0-120 Ma,
which essentially follows Barron et al. (1980), with modifications
introduced here to account for long-term terrestrial vegetation evolu-
tion. For the 0-420 Ma interval, we used the following values: tropical
humid |0-10°|: land = 0.10, sea = 0.06; subtropical arid |10-35°|: land
= 0.35, sea = 0.06; temperate |35-65°|: land = 0.15, sea = 0.10; and
polar |65-90°|: land = 0.15, sea = 0.10. During known ice ages, polar |
65-90°| reflectivities are set to 0.60 for both land and sea, distinguishing
between predominantly monopolar Paleozoic glaciations (H, LD, LPIA)
and the initially monopolar, subsequently bipolar, Cenozoic glaciation
(LCIA).

For intervals older than 420 Ma, we account for the possible effect of
less developed terrestrial vegetation on continental albedo. Following
the broad vegetation-evolution framework discussed by Le Hir et al.
(2011; but see also Strother et al., 2015) and using representative al-
bedo values for different land-cover types, we assign higher continental
reflectivities to pre-Devonian (>420 Ma) equatorial and mid-latitude
land surfaces than to their post-Devonian counterparts. Specifically,
we use land reflectivities of 0.20 for the |35-65°| and |0-10°| belts
during the Eoembryophytic phase (530-460 Ma), 0.17 and 0.15,
respectively, during the Eotracheophytic phase (450-430 Ma), and 0.15
and 0.10, respectively, during the Eutracheophytic-modern phase
(420-0 Ma). This vegetation correction is treated as a first-order
parameterization rather than a detailed paleobotanical reconstruction,
because the effective albedo contrast between unvegetated humid soils
and vegetated surfaces remains uncertain and may vary with substrate,
moisture, and vegetation structure.

The use of fixed latitudinal albedo belts is necessarily a first-order
approximation. Regional deviations from this zonal structure may
have occurred, particularly during supercontinent intervals when pale-
omonsoonal circulation could have modified precipitation, aridity,
vegetation cover, and hence land-surface reflectivity. The Pangean
megamonsoon has long been discussed as an important feature of su-
percontinent climate, especially for the Triassic (Parrish, 1993). How-
ever, monsoonal effects are spatially heterogeneous and seasonally
variable, and no continuous quantitative reconstruction of monsoon-
driven aridity exists for the full Phanerozoic at the resolution required
here. Moreover, paleomagnetic inclination shallowing-corrected paleo-
latitudes and climate-sensitive facies from Late Triassic rift basins in the
North America-Greenland-Europe sector of Pangea support a broadly
zonal climatic structure, with a humid equatorial belt and more arid
subtropical belts (Kent and Tauxe, 2005). We therefore retain fixed
zonal albedo values as a transparent baseline while treating paleo-
monsoonal modulation of regional albedo as an uncertainty to be
addressed by future coupled climate-model studies.

The zonal reflectivity values illustrated above were assigned to land
surfaces within each latitudinal band under two scenarios. In the no-ice
scenario, no glacial albedo is imposed in the polar regions, even during
known ice ages, in order to isolate the paleogeographic component of
reflectivity (Table S5). In the ice scenario, polar glacial albedo is
implemented during recognized glacial intervals (Table S6). Outside
these intervals, and for all surfaces not affected by ice, the albedo values
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in Table S6 are identical to those in Table S5. Then, at each time step,
land and complementary sea areas within each latitudinal belt
(Table S4) were assigned their respective surface reflectivities. Area-
weighted reflectivity contributions were then summed across the four
belts of each hemisphere and normalized to total Earth surface area,
yielding Northern Hemisphere reflectivity (Ryyg) and Southern Hemi-
sphere reflectivity (Rgy) through time (SI2: Text S3), reported for the no-
ice scenario (solid lines, Fig. 3C; Table S7) and for the ice scenario
(dashed lines, Fig. 3C; Table S8). The absolute difference between Ryy
and Rgy defines the interhemispheric reflectivity bias index, AR (SI2:
Text S4), also reported for the no-ice scenario (Fig. 3D; Table S7) and the
ice scenario (Fig. 3D; Table S8) at each time step.

4. Interhemispheric balance and global compensated
reflectivity

The conceptual calculation of total reflectivity depends on whether
the two hemispheres are radiatively symmetric or asymmetric. In the
symmetric case, Ryg and Rgy are equal, or sufficiently balanced, and the
total planetary reflectivity can be obtained by simply summing the two
hemispheric contributions. This is illustrated by the simplified concep-
tual example in Fig. 4A, which considers an oceanic planet with a single
continent symmetrically arranged with respect to the equator, without
including additional atmospheric components; under these idealized
symmetric conditions, total reflectivity is simply the sum of Ryy and
Rsp.

The asymmetric case needs to be treated differently. Satellite data
show that Earth's planetary albedo is nearly identical between hemi-
spheres, despite the strong land-sea contrast that makes the surface of
the Northern Hemisphere brighter (Datseris and Stevens, 2021;
Stephens et al., 2015). This remarkable modern hemispheric symmetry
in planetary albedo is thought to result from compensating processes
within the coupled ocean-atmosphere system. Clouds likely play an
important role although the exact mechanism remains uncertain and
may involve multiple interacting factors operating across different
timescales (Datseris and Stevens, 2021). In the simplified conceptual
example of the asymmetric case (Fig. 4B), the land-dominated hemi-
sphere is more reflective whereas the other hemisphere is ocean-
dominated and more absorbing, and therefore warmer. In this condi-
tion, the two hemispheric reflectivities cannot be treated as radiatively
balanced without an additional compensating term. The imbalance is
expressed as AR, defined above as the absolute reflectivity difference
between the two hemispheres. Here, compensation is represented by
adding reflective cloud cover over the warmer, less reflective hemi-
sphere until its reflectivity matches that of the cooler, more reflective
hemisphere (Fig. 4C). Once this balance is restored, the global
compensated reflectivity (GCR) can be calculated, representing a hy-
pothetical fully compensated interhemispheric state where differences
in surface reflectivity between the hemispheres are compensated by
combining the estimated surface reflectivities of both hemispheres and
adding their absolute difference (AR) at each time step: GCR = Ryy +
Rsu + AR (SI2: Text S5).

Interhemispheric compensation could, in principle, be achieved
through geological, biological, or physical mechanisms other than
increased cloud cover over the darker, warmer hemisphere. For
example, one could envisage the opposite mechanism, in which the
brighter, colder hemisphere is darkened by volcanic dust, mineral dust,
black carbon, wildfire-derived soot, or other surface-darkening pro-
cesses, including the expansion of vegetation cover. Such processes are
physically plausible: wildfire-derived light-absorbing impurities can
reduce snow and ice albedo and enhance surface energy absorption,
although wildfire smoke in the atmosphere may also reduce incoming
shortwave radiation and partly offset the melt-enhancing effect of sur-
face darkening (Aubry-Wake et al., 2022). However, darkening mech-
anisms appear less suitable as a general, continuously operating
compensation process over geological time: dust and volcanic forcing
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Fig. 4. Conceptual model of hemispheric reflectivity compensation. (A) Symmetric configuration, in which Northern and Southern Hemisphere reflectivities (Ryg
and Rgy, respectively) are balanced and total reflectivity is simply their sum. (B) Asymmetric configuration, in which one hemisphere is more reflective and the other
more absorbing, generating an interhemispheric reflectivity bias AR. (C) Compensated configuration, in which additional reflectivity, illustrated here as cloud cover
over the warmer hemisphere, balances the two hemispheres and increases total reflectivity by AR.

are commonly episodic, mineral dust can be scattering as well as
absorbing, black-carbon or soot effects are most effective on snow and
ice surfaces, and vegetation shifts are spatially and biologically con-
strained. If a persistent darkening regime had dominated in the past,
compensation would have been achieved in a fundamentally different
energetic state, by lowering the reflectivity of the brighter hemisphere
rather than by increasing the reflectivity of the darker one. At present,
however, we are not aware of a mechanism capable of producing such
systematic darkening continuously at hemispheric scale through the
Phanerozoic. On the other hand, greater evaporation could be expected
in the darker, more oceanic hemisphere and result in preferentially more
clouds in that hemisphere. Given that strongly asymmetric land-sea
configurations are common through much of the analyzed geological
record, compensatory cloud development, following the modern
analogue of hemispheric albedo symmetry (Stephens et al.,, 2015;
Datseris and Stevens, 2021), appears to represent the most flexible and
observationally supported mechanism, although its detailed physical
implementation in deep time remains to be investigated.

An alternative mechanism proposed in the climate literature is that
hemispheric radiative asymmetries may be compensated, at least in
part, by cross-equatorial heat transport associated with shifts of the
Intertropical Convergence Zone (ITCZ), rather than by albedo compen-
sation alone (e.g., Chiang and Bitz, 2005; Siler et al., 2018; Lague et al.,
2021). However, present-day observations indicate that the annual-
mean cross-equatorial atmospheric heat transport is directed from the
NH toward the SH (Donohoe et al., 2013), despite the SH having a lower
surface albedo that is largely offset at the planetary scale by enhanced
cloud reflectivity (Stephens et al., 2015; Datseris and Stevens, 2021). We
therefore adopt the cloud-compensated GCR framework as a working
hypothesis, while recognizing that the relative contributions of cloud
compensation and cross-equatorial heat transport in maintaining
hemispheric energy balance remain to be quantified. Here we therefore
implement interhemispheric compensation by adding clouds, with an
assumed average albedo of 0.50, over the darker hemisphere to balance

hemispheric reflectivities (Datseris and Stevens, 2021) (Fig. 4C). In
contrast, simply summing the surface reflectivities of both hemispheres,
as in Kent and Muttoni (2022), does not resolve the interhemispheric
imbalance and produces a more subdued global surface-albedo profile
through time. GCR values were calculated for both the no-ice scenario,
in which no glacial albedo is imposed during known glacial intervals in
order to isolate the background paleogeographic reflectivity signal
(Fig. 5A, solid line; Table S7), and the more realistic ice scenario, in
which compensated reflectivity includes the dominant effect of polar ice
albedo during glacial periods (Fig. 5A, dashed lines; Table S8). GCR
values for the no-ice scenario are relatively high in the Paleozoic and
decrease through time toward a broad minimum during the ‘Greater
Mesozoic’ glacial gap with the absolute minimum below 0.12 at ~100
Ma, and then slightly rise again during the ensuing part of the Cenozoic
(Fig. 5A). In the ice scenario, GCR values are ~0.17 or higher during
glacial intervals as a result of the strong polar ice-albedo contribution
(Fig. 5A).

In all these cases, compensation is modeled by adding clouds uni-
formly over the darker, warmer hemisphere at each time step. Our
modeling indicates that counterbalancing the large Southern Hemi-
sphere land bias during the Paleozoic would require compensation by up
to ~10-15% of extra cloud fraction in absence of ice and up to ~20%
during the Paleozoic ice ages (SI2: Text S6 and Fig. S2). If the
compensating clouds were to be concentrated over specific target lati-
tude bands (e.g., |35°-65°|), the required fraction there can be much
higher, e.g., ~40-50% but less than the physical limit of 100% for that
band. We emphasize that the difference between the cloud-compensated
GCR values and the total all-sky planetary albedo, for example ~0.3
today, is interpreted here as residual atmospheric reflectivity not
directly involved in the compensating mechanism and is therefore not
modeled in this study.
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indicated. All data are plotted with respect to the IUGS, 2024 geologic time scale (acronyms as in Fig. 1). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
5. Absorbed solar flux

Building on GCR, we can further estimate the absorbed solar flux
(ASF), defined here as the globally averaged shortwave energy absorbed
by the Earth after accounting for both secular solar evolution and the
paleogeography-controlled, compensated surface reflectivity (GCR)
(SI2: Text S7). We compute the time-dependent solar input at the top of
the atmosphere from the solar constant So, scaled for long-term stellar
evolution. For the Phanerozoic interval considered here, a linear
approximation of ~1% decrease in solar luminosity per 110 Myr back-
ward in time, and corresponding brightening forward in time, is suffi-
ciently accurate, while for older intervals and longer timescales, the
formulation of Gough (1981) provides a more physically based albeit
non-linear description of solar evolution. This becomes especially
important for the Precambrian, where the weaker young Sun (Feulner,
2012) represents a major boundary condition for testing deep-time
climate states, including Snowball Earth scenarios.

Thus, in this study we use a present-day solar constant Sy ~ 1361 W
m~2, decreased backward in time by 1%,/110 Myr. To account for Earth's

spherical geometry and rotation, the effective solar flux is expressed as
So/4, which represents the globally averaged incoming solar flux over a
rotating spherical Earth; at present, this corresponds to approximately
340 W m~2. The time-dependent absorbed solar flux (ASF) is then ob-
tained by subtracting the compensated reflectivity contribution,
expressed by GCR, from the incoming solar flux: ASF = [1 — GCR] * [Sy/
4], expressed in W m~2. ASF is evaluated consistently for both the no-ice
scenario (Table S7) and ice scenario (Table S8), thereby capturing the
combined imprint of long-term solar evolution and paleogeographic
change through GCR (Fig. 5B). This provides an energetic baseline for
evaluating the radiative preconditions associated with Paleozoic and
Late Cenozoic ice ages.

6. Energetic boundary conditions for Phanerozoic climate

The ASF curve in the no-ice scenario, in which no prescribed glacial
albedo is imposed even during known glacial intervals, shows a broad
decrease backward in time. Paleozoic ASF values are several W m 2
lower than Mesozoic—Cenozoic values, locally by up to ~15 W m2
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(Fig. 5B; Table S7). This long-term decrease primarily reflects the lower
solar luminosity in the past, but the curve is clearly not a simple linear
solar trend. Instead, it is strongly modulated by paleogeography through
changes in GCR, producing deviations of several W m™~2 from a purely
solar evolution. Because Fig. 5B shows ASF and not incoming solar flux
alone, any reference solar trend must be anchored to an assumed GCR
state rather than drawn directly from the present-day So/4 value (~340
W m’z).

Among the various possible anchor points, we chose the range of
GCR values characteristic of the ‘Greater Mesozoic’ glacial gap to define
a family or band of linear solar-evolution trends (Fig. 5B, light red
shading). During this ~225 Myr-long interval, from the LPIA exit at
~260 Ma to the LCIA onset at ~34 Ma, land distribution was charac-
terized by relatively high interhemispheric symmetry and the system
remained radiatively balanced under generally ice-free, warm condi-
tions, reaching a Phanerozoic ASF maximum around 100 Ma (Fig. 5B,
red star). Although transient cold snaps may have occurred during the
‘Greater Mesozoic’ glacial gap, they did not develop into a sustained ice-
mode state (Royer et al., 2004). This interval therefore provides a useful
greenhouse reference against which the lower-ASF preconditions of
Paleozoic and Late Cenozoic glaciations can be evaluated.

Inspection of Fig. 5B shows that the conditions immediately pre-
ceding the onset of the Paleozoic glaciations — H, LD and LPIA - occur at
relatively low no-ice ASF values, approximately within the 278-283 W
m~2 range. These values lie well below the solar-evolution reference
envelope calibrated to the ‘Greater Mesozoic’ glacial gap greenhouse
interval. A similar, although weaker, pattern is observed before the
LCIA: from the ASF climax at 100 Ma to around 40 Ma, shortly before the
onset of major Antarctic glaciation at ~34 Ma, ASF follows a slight
downward trend and falls modestly below the ‘Greater Mesozoic’
reference solar trend. When polar ice albedo is imposed during recog-
nized Paleozoic and Late Cenozoic glacial intervals, the ice-scenario ASF
curve drops sharply, locally by several W m~2 to more than 10 W m 2,
reflecting the strong impact of polar ice-albedo feedback on the absor-
bed shortwave energy budget during glacial bifurcation (Fig. 5B).

These lower-energy states should not be interpreted as direct causes
of glaciation. Rather, lower ASF establishes a lower-energy climatic
background that may increase the susceptibility of the Earth system to
glaciation, provided that coupled carbon-cycle feedbacks do not fully
compensate the radiative deficit (Walker et al., 1981). However, relative
to the ‘Greater Mesozoic’ greenhouse reference trend, Paleozoic glacial
intervals occurred under markedly reduced energetic preconditions,
reflecting paleogeographic ASF modulation associated with strongly
asymmetric land-sea configurations, extensive Southern Hemisphere
continentality, and a more oceanic Northern Hemisphere requiring
compensatory reflectivity, represented here by additional cloud cover.
Other mechanisms, such as changes in atmospheric pCO2, may then act
upon these different energetic backgrounds. In this sense, because
Paleozoic glaciations initiated under lower-ASF preconditions, they may
have crossed the glacial bifurcation threshold at different, possibly
higher, pCO:z levels than the LCIA onset, which developed under
comparatively higher ASF conditions. In this view, ASF does not trigger
glaciation directly, but may modulate the pCO: threshold at which
glacial onset becomes possible, a hypothesis that should be tested with
dedicated coupled climate models.

Coupling between pCO. drawdown and energetic preconditions is
illustrated by the Carboniferous-Early Permian. This is when paleoge-
ography was characterized by extensive equatorial continental crust
(Fig. 1C) within a Pangea B configuration (Fig. 2), favoring intense
chemical weathering and low pCO: levels that may have helped trigger
and sustain the LPIA, together with carbon sequestration in widespread
coal deposits (Kent and Muttoni, 2020) and CO: drawdown along
extensive equatorial magmatic arcs (Macdonald et al., 2019) (Fig. 1C).
During the Middle Permian transition toward Pangea A, equatorial
continental area decreased substantially, weakening the global weath-
ering sink and allowing atmospheric CO: to rise, thereby contributing to
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Middle-Late Permian warming and deglaciation (Kent and Muttoni,
2020). In this framework, reduced ASF values in a highly asymmetric
Carboniferous world may have acted as an energetic precondition that
modulated the pCO: threshold for LPIA onset, whereas its demise was
favored by the shift toward a more balanced interhemispheric land
configuration, reduced paleogeography-controlled albedo asymmetry,
lower concentration of land in the equatorial prime weathering belt, and
higher ASF values.

Similarly, the LCIA onset can be viewed as the outcome of a long-
term CO2 drawdown plausibly initiated by enhanced silicate weath-
ering during the northward equatorial transit of the Deccan Traps
around ~50 Ma (Kent and Muttoni, 2008). This is coincident with the
onset of Eocene cooling and sustained by subsequent low-latitude arc-
related weathering as the extruded SE Asian volcanic arc approached/
entered equatorial latitudes (Kent and Muttoni, 2013), although the
magnitude and continuity of the inferred CO2 decline remain difficult to
constrain (Foster et al., 2017). This mechanism acted together with a
(moderate) decline of ASF due to India providing more land area to the
northern hemisphere, before the threshold-like transition into LCIA.
Hence the pCO: threshold for LCIA onset need not have been the same as
that for the LPIA because the two glaciations developed under different
ASF precondition states (Fig. 5B).

The Hirnantian event warrants specific consideration because most
carbon-cycle models yield extremely high pCO: estimates for the Late
Ordovician (Fig. 1B), which seem inconsistent with the geological and
climatic evidence for glaciation. We note that the Ordovician Period had
exceptionally high concentrations of equatorial land in conjunction with
magmatic arc exposures (Fig. 1C), which should have drawn down at-
mospheric CO>—potentially toward a threshold comparable to LPIA
onset, given the similar background ASF discussed above-but which is
not captured by carbon-cycle models to account for the strong silicate
weathering feedback imposed by the paleogeographic configuration of
that time.

7. Discussion and conclusions

Phanerozoic glaciations were infrequent, occurring only three times
in the Paleozoic (H, LD, LPIA) and once in the Cenozoic (LCIA). Paleo-
zoic glaciations in particular are associated with high GCR and low ASF
states, linked to interhemispheric land biases exceeding ~20%.
Conversely, low GCR and high ASF characterize the ~225 Myr-long
‘Greater Mesozoic’ glacial gap, an extended interval of comparatively
balanced interhemispheric land distribution during which sustained
glaciation was inhibited even in the presence of extreme volcanic or
impact events. A particularly instructive case is the absence of sustained
glaciation following emplacement of the ~201 Ma CAMP, perhaps the
largest continental LIP by footprint at ~10 Mkm? and one that straddled
the paleoequator (Figs. 1, 2), suggesting that pCO: forcing alone is
insufficient to explain glacial inception without the appropriate paleo-
geographic-radiative boundary conditions.

The not always satisfactory correspondence between modeled pCO2
and glaciations under outgassing-controlled carbon-cycle models
(Fig. 1A,B) suggests that glacial initiation was governed primarily by
tectonic modulation of CO: sinks rather than volcanic sources, within a
complex interplay of feedbacks and forcings that included pCO:
thresholds (DeConto and Pollard, 2003), orbital variations (Hays et al.,
1976), and dynamic oceanic heat transport (Haug et al., 2004; Kennett,
1977). No significant correlation between LIP emplacement (Fig. 1D)
and glacial timing was found by Park et al. (2021), who suggested that
most continental flood basalts, especially rifting-related low elevation
LIPs, acted as short-lived secondary modulators of atmospheric CO2
rather than primary drivers of long-term sequestration. An exception
may be the Deccan Traps, whose plume-derived, topographically
elevated exposure could have contributed to the cooling around 50 Ma
(Kent and Muttoni, 2008, 2013) and whose equator-crossing was
instrumental in the inauguration of our current Northern Hemisphere
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land bias. On the other hand, higher concentrations of magmatic
arcs—tectonically active, mafic, high-runoff orogenic belts—within
equatorial landmasses (Fig. 1C) were identified by Macdonald et al.
(2019) as a key first-order control on long-term CO: drawdown that
established conditions favorable for glaciation.

Our analysis of compensated reflectivity, representing the potential
of the land-sea system to modulate planetary reflectivity through time,
suggests that long-term variations in ASF influenced the energetic
background against which CO: perturbations operated. For example, the
ASF contrast between 340 Ma, before LPIA onset, and 40 Ma, before
LCIA onset, is ~14 W m 2 (Fig. 5B), reflecting both the slightly fainter
Sun and the higher compensated reflectivity of Late Paleozoic Earth.
Even if the surface contribution to total planetary albedo is attenuated
by the atmosphere by a factor of approximately three, as suggested by
modern observations (Donohoe and Battisti, 2011), the resulting ASF
difference from 340 Ma to 40 Ma remains several W m 2, comparable to
the radiative forcing associated with CO2 doubling (Myhre et al., 1998).
This indicates that paleogeographic and solar differences can generate
climatically significant radiative anomalies over multimillion-year
timescales. In this framework, glaciations may have initiated when
high-GCR/low-ASF states coincided with efficient CO: sinks, especially
equatorial landmasses and orogens promoting silicate weathering and
carbon burial. Phanerozoic climate susceptibility therefore depended
not on CO: alone, but on the combined paleogeographic control of
radiative symmetry, absorbed solar energy, and CO: sequestration
efficiency.

Finally, it is interesting to note that of the Big Five mass extinctions
(Raup, 1986; Sepkoski, 1996), the three most recent and best docu-
mented (66 Ma end-Cretaceous, 201 Ma end-Triassic, 252 Ma end-
Permian) occur during the 225-Myr-long ‘Greater Mesozoic’ glacial
gap (Fig. 1). Each mass extinction does coincide with a LIP (Deccan,
CAMP and Siberian traps, respectively), suggesting some kind of asso-
ciated forcing such as volcanic COz-induced hyperthermals or ocean
acidification (Courtillot and Renne, 2003; Rampino et al., 2024), or
repeated volcanic winters (e.g., Kent et al., 2024). Nonetheless, major
glaciations were not induced even by CAMP nor by the huge Chicxulub
impact with a 180 km diameter crater and the proximal cause of the end-
Cretaceous mass extinction (Alvarez et al., 1980; Schulte et al., 2010)
that occurred during the eruption of the Deccan Traps (Schoene et al.,
2019; Sprain et al., 2019). This indicates that the low GCR character-
izing the latest Paleozoic to early Cenozoic interval of equable climate
was sufficient to squelch glaciations despite strong potential triggers. In
contrast, the end-Ordovician and Late Devonian mass extinction events
temporally coincide with the H and LD glaciations that were able to
occur when the Earth system was more susceptible to ice ages because of
pronounced interhemispheric land asymmetry, even in the possible
presence of high pCO,. And yet the LPIA-the longest glaciation in the
Phanerozoic-was not associated with a major biotic extinction event.
Mass extinctions in the Phanerozoic evidently did not have a principal
causative environmental factor in common.
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