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Since all living things are descended from the Ediacaran sur-
vivors of Snowball Earth, Cryogenian survival is of more than
geological interest. The fossil record of biotic evolution
before, between and after the tandem Cryogenian Snowball
chrons (Fig. 1) comes almost exclusively from marine deposits.
This has led to an Al-type thinking that the principal biotic
refuges existed in Snowball oceans. The problem is that high
planetary albedo results in kilometre-thick floating ice covers
(‘sea-glaciers’) that deform under their own weight (Fig, 2),
flowing from areas where they are thicker toward areas where
they are thinner (Warren et al. 2002; Goodman 2006; Li and
Pierrehumbert 2011; Tziperman et al. 2012; Voigt and Abbot
2012; Goodman and Strom 2013). Solid-state flow, like that of
an ice shelf, eliminates areas of open water (polynyas) or opti-
cally thin ice. Polynyas exist in sea ice, but not in ice shelves.
Beneath the sea-glaciers of a Snowball Earth, the base of
the food chain would collapse because of perpetual darkness.
Since the water is everywhere overlain by ice, its temperature
would be close to the freezing point. This would be around
—6°C due to the pressure effect of the thick ice and salinity
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doubling as continental ice sheets grew (Feistel and Marion
2007). Such low temperatures are fatal for most eukaryotes
because the repair of genetic damage slows as temperature
falls, but the damage rate does not (Roos and Vincent 1998;
Clarke et al. 2013). Even deepsea hydrothermal vent commu-
nities would be challenged by prevailing Neoproterozoic deep-
ocean anoxia, which robbed them of the electro-chemical
redox gradients they plug into in the present aerobic ocean
(Nealson 1997; Gaidos et al. 1999). Over millions of years, the
chemical composition of a Snowball ocean converges on that
of an average vent fluid (Jacobsen and Kaufman 1999; Mac-
donald et al. 2025). How the deep hot crustal biosphere (Col-
man et al. 2017; Bar-On et al. 2018; Beulig et al. 2022; Soares
et al. 2023) responded to a Snowball Earth, if at all, has not to
my knowledge been investigated.

Numerical simulations suggest that optically thin ice could
have existed in restricted areas of Snowball oceans where sea-
glacier inflow was physically impeded. Long narrow embay-
ments with confined entrances, like the modern Red Sea or
Persian Gulf, could have had optically-thin ice toward their
landward terminations, provided they lay in the equatorial zone
of net sublimation (18°S—18°N) and the surrounding lands
had the relatively low albedo of a permafrost desert (Campbell
et al. 2011, 2014, 2017). Mid-latitude locations might also have
thin ice if dust or volcanic tephra accumulated faster than
snow (de Vrese et al. 2021), but not so fast that the dust
formed a continuous layer that insulated the ice from the
warmth of the summer Sun (Li and Pierrehumbert 2011;
Goodman and Strom 2013). A more southerly Red Sea would
not fit these specifications if its highstanding coastal escarp-
ments were glacierized. The Persian Gulf is so shallow (£—100
m) that Cryogenian sea-level fall would have converted it into
a subglacial lake if the bordering Zagros Mountains were glac-
ierized. The entire Red Sea and Persian Gulf together make up
less than 0.2% of total ocean area, but thinner ice and fresher
water would have raised their waters’ freezing point, increasing
their habitability if the other specifications were met.

Refugia in the Snowball ocean must not only have existed,
they must have persisted (somewhere) for 56 (Sturtian) and =
4 (Marinoan) million years (Fig. 1). At Snowball onsets, the
marine biosphere had only ~200—400 years to adapt, based on
simulations of sea ice advance across the tropical ocean in
Cryogenian paleogeography (Voigt and Abbot 2012). The
short time frame raises the question of advance cold adapta-
tion, bringing us to Darwin’s 1859 prophecy. But first, a few
words concerning his personal involvement with the glacial
theory for the ‘Newer Pliocene’ (Pleistocene) boreal Diluvium,
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Figure 1. (A) Cryogenian timescale (Ma, 100 years before present) showing the limits of chronometric uncertainty for the onsets and terminations of the Sturtian and Mari-
noan panglacial chrons (Rooney et al. 2015; Zhou et al. 2019; Halverson et al. 2020; Tasistro-Hart et al. 2025), and examples of fossil eukaryotic macroalgae from marine
assemblages deposited before (D), between (C) and after (B) for those chrons. (B) Lantian biota (ca 602 * 7 Ma), northeastern Nanhua basin, South China (Yuan et al. 1999,
2011, 2016; Xiao et al.2013; Yang et al. 2022). (C) Songluo biota (age disputed, pre- or syn-Marinoan), Shennongjia inlier, northwestern Nanhua basin, South China (Ye et al.
2015). (D) Proterocladus antiquus, a benthic multicellular green alga from the Nanfen biota (1056 £ 22—948 £ 7 Ma), Xihe Group, Liaoning Peninsula, North China (Tang et al.
2020; D.D. Li et al. 2023). Colout-coded climates in (A): yellow, ambient nonglacial; green, paraglacial cooling; datk blue, panglacial; orange, ultra-greenhouse aftermath. Pink
vertical ribbon represents duration of Cenozoic Era (66—0 Ma) for comparison. Images in (B) and (D) courtesy of Shuhai Xiao; (C) with permission of the Geological Society
of America.
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or Drift (e.g. till, moraine, esker and sandur), and its character-
istic landforms—U-shaped valleys and silled fjords, erratic
boulders and streamlined rock bosses, deep lakes and hanging
valleys, raised beaches and drowned forests.

On his return from the five-year voyage aboard HMS Bea-
gle, young Charles Darwin (1809—1882) lived in London from
1837 to 1842 (Fig. 3), before moving out to the quiet country-
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side (Browne 1995; Herbert 2005; Thomson 2009). He had
settled in London the year Louis Agassiz (1807—1873), his
near-contemporary in Switzerland, sparked a frenzied debate
over the Ice Age theory of Esmark (1824, 1826), Bernhardi
(1832, 1939) and Charpentier (1837, 1841) with his bombshell
discourse at Neuchatel (Carozzi 1966; Agassiz 1967). The gla-
cial theory envisioned that most of Northern Europe and



I:I . I:I. . Net . ELL I.Vet . ELL Net . 50m/yr
marine ice meteoricice accumulat:onl sublimation i accumulation -~

= 04 = —»\\\\\\—»/ \4—////4/4—4— =
_5 o ~N NN /f\\ // - -
:'0.2- A 7 7 >N /y/ \<\<——— a— A 4 < < - - - % % % |
2_04_ A A ¥ ¥ ¥ ¥ > 2SS > T AN e 4+ - X % X X % |
@ : A A A 4 ¥ ¥ v o vy - e h e -—— X XX X X
o -0.6 A A A A A ¥ ¥ o0 A A S s aa———~_ R X X X X % % L
a A A AAAA A 7 A XXX X X kR
‘é‘ 0.8 Freezing Melting Freezing

-1.0 . . . . g .
< Snowball ocean is hypersaline, well mixed and nearly isothermal and isohaline due
o - : :
2 12 to eddy turbulence driven by geothermal warming from below and heat loss above

-90° -60° -30° 0° 30° 60° 90°

Latitude

Figure 2. Meridional section of ‘sea-glacier’ dynamics on a Snowball aquaplanet (Goodman and Pierrehumbert 2003; Li and Pierrehumbert 2011). Steady-state dynamics in
a 2D ice-flow model forced by an ocean—atmosphere GCM (FOAM), run under relatively late (warm) Snowball conditions and with a global average dust flux of 1.0 m/Myr.
Sublimation of meteoric ice (compressed snow) and melting of marine ice (frozen seawater) at low latitudes are balanced by surface accumulation and basal freeze-on, respec-
tively, outside the inner tropics. Flow velocities are highest in the outer tropics and ice thickness at the equator is ~80 m less than at the poles. The model makes many sim-
plifications and is subject to improvement. ELL, equilibrium-line latitude. If continents and subaerial volcanoes were included, dust and tephra (cryoconite) would accumulate
on ice surfaces in the (red) zone of net sublimation. Darkened surfaces absorb solar radiant energy leading to meltwater production, a positive warming feedback strongly
enhanced by the growth of heavily pigmented microbial mats (see Figure 6).

North America had been blanketed by glacial ice sheets in the
geological recent past, leaving the characteristic boreal land-
forms, boulder-clays and megafaunal extinctions as their call-
ing cards. Continent-size ice sheets were a radical notion at a
time when the interior of Greenland and the Antarctic conti-
nent were still unknown. In 1842, the year Darwin left Lon-
don, the ‘Ice Age’ (Schimper’s term) controversy abruptly
receded with most British geologists unconvinced by Agassiz’
1840 visit (Davies 1968; Herries-Davies 1969), despite the
energetic endorsement of William Buckland (1784—1850), the
former arch-Diluvialist whose faculty position at Oxford was
made possible by his advocacy for outburst floods as being
compatible with Scripture (Rupke 1983; Hoffman 2015). Buck-
land was careful to note that the Diluvial (his term) flood was
distinct and older than Noah’s flood, since all species survived
the Biblical flood according to Scripture. Buckland wrongly
assumed, as did Agassiz, that the mammoth and other extinct
boreal megafauna were victims of the Diluvial cum Ice Age
event. In fact, their demise came after the Ice Age ended
(Forbes 18406; Lyell 1863) and likely had a different origin
(Alroy 2001; Cooper et al. 2015; Chatters et al. 2024; Prates et
al. 2025).

The correspondence of elevation and latitude in the zona-
tion of flora and fauna was established by geographer Alexan-
der von Humboldt (1769—1859) and botanist Aimé Bonpland
(1773—1858) during five years of travel in Latin America at the
turn of the 19t century (von Humboldt and Bonpland 2009).
They did not address the question of how the zonation had
responded to climate change, but Charles Darwin did in Chap-
ter 11 (Geographical Distribution) of Oz the Origin of Species,
published the year that von Humboldt died (Datrwin 1964, p.

Figure 3. Charles Darwin, age 31, in London, 1840. Watercolour by George Rich-
mond, Public domain, via \X’lklmedla Commons. Reproduced courtesy of the Dar-
win Heirlooms Trust.
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346—382). Darwin’s discussion builds on ideas expressed earli-
er by the Manx botanist and paleontologist Edward Forbes
(1815—54), pronounced ‘four bees’ (Forbes 1846). In it, he
makes a new and compelling biological argument for a recent
Ice Age, and even prophecies the survival of select biomes
during extreme glaciation. Of course Darwin did not know of
Snowball Earth, which is why his words may be viewed as
‘prophetic’.

What Forbes and Darwin proposed was ‘ecosystem reloca-
tion’. As an example, the classic zonation of flora and fauna on
Mount Chimborazo (6,263 m above sea level) in Ecuador, doc-
umented in 1802 by von Humboldt, botanist Aimé Bonpland
and noble creole Carlos Montufar, has relocated ~240 m high-
er in elevation, since their time, in response to global warming
(Morueta-Holme et al. 2015; Moret et al. 2019). Anecdotally,
the northern limit of scalp-biting deer flies (Chrysops sp.) has
moved ~400 km northward over the western Canadian Shield
in the last 60 years, from well south to well north of 60°N.
Ecosystem relocation, in elevation and latitude, is the natural
biotic response to climate change. The end result is extinctions
at the poles and originations in the tropics duting warmings,
and the reverse during coolings. But first, a few words on Dar-
win’s personal involvement in the Ice Age debate.

During the austral winter of 1834, Darwin had witnessed
tidewater glaciers calving icebergs at 54.5°S in Tierra del
Fuego. The icebergs carried boulders of granite and other
rocky debris great distances before they melted (Darwin 1840,
p. 283—4, see also footnote p. 294—5 for discussion of Esmark
1826). Charles Lyell (1797—1875) had seized on iceberg-rafting
to explain erratic boulders without the need for large continen-
tal ice sheets, which he considered implausible since the British
Isles lay mostly below sea-level during the Drift period, based
on the distribution of indigenous marine molluscs in the ‘boul-
der-clays’ or “tills” (Lyell 1833, 1836, 1841; Smith 1836, 1839a;
Forbes 18406). Darwin himself wrote no fewer than six papers
touting iceberg rafting between 1839 and 1855 (Darwin 1839a,
1841, 1842, 1848, 1849, 1855).

Darwin did not reject continental ice-sheets, a concept he
remembered from his second year of university in Edinburgh
(1826—27), when Esmark’ landmark 1824 paper on a hypo-
thetical Scandinavian Ice Sheet was published in English trans-
lation (from Norwegian) in the journal edited by Darwin’s
geology professor at the time, Robert Jameson (1774—1854).
Jens Esmark (1763—1839), like von Humboldt, Charpentier
and Jameson, was a graduate of A.G. Werner’s Bergakademie
in Freiberg (Germany). Like Charpentier and Agassiz later,
Esmark’s theory was based on the wide distribution of land-
forms and unusual deposits observed in mint condition at the
terminations of active glaciers (Worsley 2006, 2008; Hestmark
2018). The Edinburgh New Philosophical Journal was the most
exciting geological periodical in the English language over the
35 years that Jameson was its founding Editor.

In the Spring of 1842, Darwin heard Buckland’s report on
a recent field trip in the Snowdonia area of North Wales
(Buckland 1842). Buckland reported streamlined and striated
bedrock bosses similar to those attributed to glacial action by
Agassiz. In June, Darwin travelled to North Wales and spent

http://www.geosciencecanada.ca

Paul E Hoffman

Figure 4. Llanberis Pass (359 m above mean sea-level) in Caernarvonshire, NW
Wiales, viewed looking northwestward toward Llanberis lakes with the Snowdon
massif behind and to the left. In 1842, Darwin climbed up from the pass and noted
an abrupt upward transition from smooth and striated bedrock bosses to sharp
angular spires without change in bedrock lithology. Darwin attributed the change to
abrasion by glacial flow that never engulfed the higher elevations (Campbell and
Bowen 1989; Boulton 1992). In a controversy that divided geologists, Darwin was
among the few who advocated for both glacial action and iceberg rafting. In
Switzerland, the same transition (later called ‘trimline’) had been mapped at eleva-
tions of 2.9—3.3 km (asl) along the entire length of the Upper Rhone valley (Char-
pentier 1841). Watercolour by Charles Annersley, 1901, courtesy of the Amgueddfa
Cymru Museum of Wales.

10 days in the field around Cwm Idwal, a glacial cirque not vis-
ited by Buckland. Darwin knew the area from his summer of
1831 as Adam Sedgwick’s field assistant, six months before
embarking on HMS Beagle. With Sedgwick (1785—1873),
Buckland’s more conservative contemporary at Cambridge
University, Darwin had learned the rudiments of Paleozoic
stratigraphy and structure (Thomson 2009). In 1842, despite
the ill-effects of his tropical voyaging, Darwin climbed to a
height of ~300 m in Llanberis Pass (Fig. 4) in Caernarvon-
shire, finding below that level only ‘“convex domes or bosses of
naked rock, generally smoothed, but with their steep faces often scored in
nearly horizontal lines, and with summits occasionally crowned by perched
boulders of foreign rock” (Darwin 1842). Above that level, the
rocks are “Yess naked, and the jagged ends of the slaty rocks project
through the turf in irregular hummocks; no snmooth bosses, no scored, sur-
faces, no boulders are to be seen, and this change is effected by an ascent
of only a few yards. So great is the contrast, that anyone viewing these
mountains from a distance would, in many cases, naturally conclude
[wrongly| #hat their bases and summits were composed of quite different
Jormations.” He concludes, “ The mountains must have formed
islands, separated from each other by rivers of ice” (Darwin 1842).

Darwin’s ‘trimline’ (a term adopted from forestry in the
1950%s) was analogous to the one mapped by Charpentier
(1841) along the 135-km-length of the Upper Rhone River val-
ley in the western Swiss Alps. Coming after his misjudgement
of the Parallel Roads of Glen Roy in the southern Highlands
of Scotland (Darwin 1839b; Barrett 1973; Rudwick 1974; Her-
bert 2005), the trip to North Wales was apparently Darwin’s
last geological field work.

Darwin’s last paper before The Origin of Species was a spirited
defence of drifting icebergs in chiseling rectilinear, uniformly-
directed grooves on an undulating seabed (Darwin 1855). The
line of argument developed in The Origin, published four years
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later, is instead biological. It comes in the last section of Chap-
ter 11, under Dispersal During the Glacial period (Darwin
1964, p. 365—382). Darwin begins with the observation that
“Gdentical plants and animals occur on mountain summits separated from
each other by hundreds of miles of lowlands where the Alpine species
conld not possibly exist” (p. 365). He goes on to observe that
plants on the snowy heights of the Alps and Pyrences are
indistinguishable from those living at sea-level in Arctic
Europe. Plants high in the White Mountains of New Hamp-
shire are identical with those at sea-level in Labradot. So fat,
this is merely an echo of von Humboldt, but Darwin presses
on. The theory of an Ice Age, a concept von Humboldt
opposed, provides a simple explanation according to Darwin.
During the Ice Age, those plants and animals were united in
the temperate ice-free lowlands. When the Ice Age ended and
the climate rapidly warmed, the community divided. Some
moved higher in elevation, and others higher in latitude. The
separation occurred so recently that there has been no percep-
tible subsequent evolutionary divergence. This is a compelling
argument in support of a recent Ice Age, and one that explains
why “the same species live at distant points, without the apparent possi-
bility of their having migrated from one to the other” (p. 365).

Darwin next imagines what happened at the Ice Age onset,
again crediting Forbes’ (18406) precedence.

“As the cold came on”, Darwin writes (p. 360), “and as each
more southern one became fitted for Arctic beings and ill-fitted
Jor their former more temperate inhabitants, the latter would be
supplanted and Arctic productions wonld take their places. The
inhabitants of the more temperate regions would at the same time
travel southward, unless they were stopped by barriers, in which
case they would perish. The mountains wonld become covered with
snow and ice, and their former inbabitants would descend to the
plains. By the time that the cold had reached its maximum, we
should bave a uniform Arctic fauna and flora . . . [underline
added]”.

To be clear, Darwin’s last sentence, quoted above, contin-
ues, .. a uniform Arctic fanna and flora covering the central parts of
Europe, as far south as the Alps and Pyrences, and even stretching into
Spain.” After all, Darwin was referring to Quaternary Ice Ages,
not Snowball Earth, the first inklings of which were identified
twelve years after The Origin was published (Thomson 1871,
1877). But Darwin’s argument would be the same for a global
glaciation (Fig. 5), during which only polar (Arctic and Antarc-
tic) life forms would have survived in the equatorial zone of
net sublimation (Abbot et al. 2013). There, dark microbial mats
grew on dusty ice surfaces (Anesio et al. 2009; Boggild et al.
2010), generating surface meltwater (Fig. 6) and providing pro-
tection and sustenance for diverse organisms, including
eukaryotic algae, protists and even tiny metazoans (Vincent et
al. 2000, 2004; Mueller et al. 2001; Jungblut et al. 2012; Zaw-
ierucha et al. 2015; Hoffman 2016; Hawes et al. 2018). Accord-
ing to Darwinian prophecy, this cold-adapted subset of pre-
Cryogenian life supplied the gene pool from which the extant
surface biosphere descended (Hoffman 2025).

Figure 5. Surface types on Snowball Earth in Marinoan-like paleogeography (Hoff-
man 2025). Snow-covered sea-glaciers flow equatorward as in Figure 2 but shown
here with continental obstructions. In the equatorial zone of net sublimation, the
floating ice surface is speckled with clumps of dust and/or tephra, giving rise to
microbial mats and shallow meltwater ponds that drain through moulins (Figure 6).
Continental ice sheets are mostly snow covered due to surface elevation, but bare
ice and cryoconites holes exist at their steep edges. Land areas in the sublimation
zone expose bare frozen ground (permaftrost), where not blanketed by inflowing ice
sheets. Slow rates of silicate weathering persist beneath the grounded ice sheets
(Wadham et al. 2010; Montross et al. 2013; Torres et al. 2017) and in the subglacial
ocean, on the seafloor and in subsurface hydrothermal systems (Brady and Gislason
1997; Coogan and Gillis 2018; Thomas et al. 2020).

Darwin’s prophecy begs three questions. (1) Did pre-Cryo-
genian polar—alpine biomes harbour sufficient diversity—eco-
logic, metabolic, taxonomic and genetic—to have given rise to
the Ediacaran and younger biotic radiations? (2) Is a pre-Cryo-
genian polar—alpine ancestry evident in the genomes of living
organisms? (3) How did the cold-adapted survivors of the 56-
million-year Sturtian cryochron survive its ultra-greenhouse
aftermath, enabling their readvance at the Marinoan onset (Fig.
1).

We cannot answer the first question directly, having no
known pre-Cryogenian polar or alpine fossil assemblages.
What we can say is that present polar—alpine ecosystems are
surprisingly diverse, containing virtually all the ancient lineages
required to account for the post-Cryogenian biotic radiations
(Stoeck et al. 2007; Vincent and Laybourn-Parry 2008; Jung-
blut et al. 2012; Laybourn-Parry et al. 2012; Laybourn-Parry
and Wadham 2014; Izaguirre et al. 2021).

The second question is for the future to decide—genetic
evidence in living organisms for polar—alpine ancestry has so
far emerged unexpectedly, not the result of deliberate search-
ing (Hoffman 2025). When genetic analysis of trait habitat
evolution in modern marine planktonic (surface-dwelling)
cyanobacteria and algae implied a mainly freshwater benthic
(bottom-dwelling) ancestry, and a delayed marine radiation in
late Neoproterozoic time, it took courage for an catly-career
botanist-turned-molecular biologist to publish the results at a
time when Snowball Earth was something geologists were still
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Figure 6. Microbial mats and meltwater ponds on the ablative surfaces of Arctic Ocean ice shelves at 83°N on Ellesmere Island, Nunavut, Canada (Vincent et al. 2000). (A)
Aerial view looking westward of linear meltwater ponds on the former Ward Hunt Ice Shelf in late summet, when dark microbial mats were exposed on the ice ridges between
ponds and can also be seen on the floors of the < 3.0-m-deep ponds, which can reach < 15 km in length (Mueller and Vincent 2006). The linearity of the ponds reflects buck-
ling of the ice surface in ‘rolls’ that parallel the ice-shelf calving line and are thought to be due to back-pressure from the growth of annual sea ice (Coffey et al. 2022). The
220—280-m-wavelength of the folds reflects the temperature-dependent viscosity of the 100-m-thick ice shelf that is coldest and stiffest at the top. Similar fold-trains and
meltwater ponds oriented subparallel to the equator would have been well-developed in the equatorial zone of Snowball Earth due to the back-pressure of the sea-glaciers
converging from North and South (Figures 2 and 5). (B) Microbial mats on the Markham Ice Shelf of Ellesmere Island are rich in carotenoid and scytonemin pigments for
UV protection, and represent a consortium of coccoid and filamentous cyanobacteria, multi-and unicellular green (chlorophyte) algae, diatoms and bacterial heterotrophs (Vin-
cent et al. 2004). Both images courtesy of Warwick F. Vincent.
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undecided about (Sanchez-Baracaldo et al. 2014, 2017,
Sanchez-Baracaldo 2015). By the end of the decade, the poten-
tial impact of the Cryogenian on the course of evolution was
starting to be more widely recognized (Del Cortona et al. 2020;
Zhang et al. 2021, 2024; Zarsky et al. 2022; Boyce and Nelsen
2025).

The third question boils down to the height of post-Snow-
ball continental topography—did mountaintops project above
snowline during the ultra-greenhouse aftermath of Sturtian
deglaciation, when atmospheric CO, concentration may have
been 10—100 times higher than at long-term steady-state (Bao
et al. 2008; Cao and Bao 2013; Abbot 2014; Yan et al. 2025).
Some have postulated that prolonged erosion by continental
ice sheets tends to level the subglacial topography, by analogy
with the Canadian Shield (White 1972; Keller et al. 2019). Oth-
ers point out that the Shield was already levelled before the
Cambrian—Early Ordovician Sauk marine transgression (Sug-
den 1978; Husson and Peters 2017; Tasistro-Hart and Mac-
donald 2023). Sediment accumulation rates averaged over
Cryogenian Snowball durations were roughly ten times slower
than for Phanerozoic Ice Ages of comparable duration (Field-
ing et al. 2023), consistent with a weak hydrologic cycle due to
cold air (Partin and Sadler 2016; Hoffman 2023). Others pos-
tulate higher rates of sediment subduction during Snowball
chrons, implying that accumulation rates underestimate the
erosion flux (Keller et al. 2019; Brown et al. 2022).

Subglacial topography in the interior of the East Antarctic
Ice Sheet is relevant here since the ice sheet has existed contin-
uously for the past 15 Myr under climatic conditions compara-
ble to lower-latitude Cryogenian ice sheets, and for 25 of the
past 34 Myr (Zachos et al. 2001). New mesoscale subglacial
topographic mapping from radar and satellite-based surface
morphology reveals a buried alpine-type landscape beneath the
interior of the East Antarctic Ice Sheet (Bo et al. 2009; Lea et
al. 2024; Ockenden et al. 2026). The subglacial surface has =
4.0 km of local relief, nearly all of which would rise above sea-
level after glacio-isostatic adjustment for the ice sheet’s melt-
down. Bedrock topography in this cratonic area (van de Flierdt
et al. 2008) is related to rift-shoulder uplift inherited from
Pangea breakup (Ferraccioli et al. 2011). This is broadly analo-
gous to Cryogenian topography related to Rodinia breakup
(Evans 2021). Thermochronology of downstream detritus
indicates very slow rates of Neogene denudation (Cox et al.
2010).

The peaks and ridge-crests project upward into colder ice,
while erosion is focussed in bedrock troughs, where the ice is
warmer and faster-flowing (Creyts et al. 2014). The net result
is amplification of subglacial topography, not reduction. One
can imagine that subduction-related stratovolcanoes at middle
and high paleolatitudes (Vérard 2021; Z.X. Li et al. 2023;
Dutkiewicz et al. 2024; Swanson-Hysell et al. 2025) would have
provided refuges for cold-adapted organisms, during the post-
Sturtian greenhouse aftermath.

Finally, one may ask whether Darwin’s prophecy, based pri-
marily on the distribution of terrestrial flora and fauna, is
applicable to Cryogenian ecosystems, the terrestrial of which
are conjectural. In fact, the Scottish yachtsman, James Smith of

Jordanhill (1782—1867), had ecarlier shown that the marine
molluscan fauna indigenous to the ‘Newer Pliocene’ stratified
tills of western Scotland had relocated as far as 20 degrees of
latitude (2200 km) northward to Svalbard since the Drift peri-
od ended (Smith 1839b; Hoffman 2015). In retrospect, Dar-
win’s terrestrial bias was also prophetic. The solid surface of a
Snowball Earth renders nearly all its sunlit biomes terrestrial
ecologically (Fig. 5).
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