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a b s t r a c t

This paper compiles lithostratigraphic and geochronological data obtained for the Palaeoproterozoic
glacial diamictite-bearing successions, and thereby provides insights into understanding the geological
processes causing the Huronian Glaciation Event. The majority of evidence for appearances of this
glaciation event can be related to the Kenorland supercontinent breakup, allied to significant atmo-
spheric change, as well as blooms of biogeochemical oxygenic photosynthesis. In this paper, the Huro-
nian Glaciation Event is constrained to have occurred synchronously during 2.29e2.25 Ga, accompanied
by dramatic environmental changes characteristic of the Great Oxidation Event which includes the pre-
2.3 Ga hydrosphere oxidation and the post-2.3 Ga atmosphere oxygenation.

� 2013, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.
1. Introduction

The Archaean/Palaeoproterozoic transition witnessed dramatic
changes in Earth’s history which include several environmental
oscillations and the emergence of an aerobic Earth System (e.g.,
Chen, 1990; Chen and Su, 1998; Bekker et al., 2004, 2010; Bekker
and Kaufman, 2007; Frei et al., 2009; Holland, 2009; Konhauser
et al., 2009, 2011; Lyons and Reinhard, 2009; Tang et al., 2011,
2012; Young, 2012, 2013; Zhai and Santosh, 2013). One of the
earliest significant events known from this transition is the sharp
drop of volcanism (Holland, 2002) and temperature resulting in the
formation of stably normal sedimentary basins over the world and
the rapid onset of global glacial event. Palaeoproterozoic glacio-
genic rocks have been known since the beginning of the last cen-
tury in almost every continent, including North America,
Fennoscandia, South Africa, Western Australia, South America, and
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India (Table 1; Young, 1970, 2002; Hambrey and Harland, 1981;
Bekker et al., 2001, 2005, 2006; Ojakangas et al., 2001; Melezhik,
2006; Eriksson et al., 2011; Strand, 2012; and references therein).
This is the oldest glaciation known of global significance and has
been termed as the “Huronian Glaciation” after the best-studied
example from the Huronian Supergroup in Canada (Young, 1970;
Miall, 1983; Young et al., 2001). It was followed shortly after the
2450 Ma breakup of the Kenorland/Superia supercontinent (Aspler
and Chiarenzelli, 1998; Bekker and Eriksson, 2003; Eyles, 2008) and
prevailed at some time between ca. 2.4 (possibly 2.45 Ga) and
2.2 Ga, with up to three possible glacial horizons, couched within a
“Snowball Earth model” (Hoffman et al., 1998; Kirschvink et al.,
2000) and the “Great Oxidation Event” (GOE). The GOE is widely
accepted to have occurred during 2.3e1.8 Ga (Holland, 1994, 2002;
Rye and Holland, 1998; Kasting and Siefert, 2002; Farquhar et al.,
2010; Tang et al., 2011, 2013; Lai et al., 2012) and recently traced
to have begun at some time between 2.4 and 2.3 Ga (e.g., Karhu and
Holland, 1996; Bekker et al., 2004; Canfield, 2005; Anbar et al.,
2007; Holland, 2009).

The causes and timing of the Huronian Glaciation Event
(abbreviated to HGE hereafter), as well as the global extent of ice
cover are still controversial (Young, 1991; Evans et al., 1997; Evans,
2003; Kopp et al., 2005). It remains possible that the glaciationwas
diachronous in different areas, rather than a simultaneous and
catastrophic event as implicit within the Snowball Earth model
(Eriksson et al., 2011). Thus, this paper compiles and reviews the
Palaeoproterozoic glacial records in different cratons, further
eking University. Production and hosting by Elsevier B.V. All rights reserved.
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Table 1
Compilation of the reported Palaeoproterozoic diamictite units in the world.

Continent Name or strata Geography or locality Age (Ma) References

N. America Gowganda Fm., Cobalt Gp., Huronian SGp. 45�400e48�400 N, 79�e85� W; Ontario,
Canada

2450
e2217.5

Krogh et al. (1984), Andrews et al. (1986)

N. America Bruce Fm., Quirke Lake Gp., Huronian SGp. 45�400e48�400 N, 79�e85� W; Ontario,
Canada

2450
e2217.5

Krogh et al. (1984), Andrews et al. (1986)

N. America Ramsay Lake Fm., Hough Lake Gp.,
Huronian SGp.

45�400e48�400 N, 79�e85� W; Ontario,
Canada

2450
e2217.5

Krogh et al. (1984); Andrews et al. (1986)

N. America Chibougamau Fm. 49�400e50�150 N, 74�400e73�500 W;
Quebec, Canada

2500e1800 Frakes (1979), Hambrey and Harland
(1981)

N. America Padlei Fm., Hurwitz Gp. 61�e62�300 N, 95�e99� W; Northwest
Territories, Canada

2300e2100 Frakes (1979), Hambrey and Harland
(1981)

N. America a Northern Black Hills 43�500e44�070 N, 103�200e103�450 W;
South Dakota, USA

2559e1870 Dahl et al. (1999)

N. America Bottle Creek, Singer Peak Fm., Snowy Pass
Gp.

Snowy Pass Group, Sierra Madre
Mountains, Wyoming, USA

<2450 Frakes (1979), Hambrey and Harland
(1981)

N. America Headquarters Fm., Lower Libby Creek Gr.,
Snowy Pass SGp.

41�e41�300 N, 107�150e106�150 W,
Medicine Bow Mountains, Wyoming, USA

2451e2000 Premo and Van Schmus (1989), Cox et al.
(2000)

N. America Vagner Fm., Deep Lake Gp., Snowy Pass SGp. 41�e41�300 N, 107�150e106�150 W,
Medicine Bow Mountains, Wyoming, USA

2451e2000 Premo and Van Schmus (1989), Cox et al.
(2000)

N. America Campbell Lake Fm, Deep Lake Gr., Snowy
Pass SGp.

41�e41�300 N, 107�150e106�150 W,
Medicine Bow Mountains, Wyoming, USA

<2451 � 9 Premo and Van Schmus (1989)

N. America Fem Creek Fm., Chocolay Gp., Marquette
Range SGp.

Menominee and Iron RivereCrystal Falls
Ranges, Amasa Uplift, WI and MI, USA

2302e2115 Bekker et al. (2006), Vallini et al. (2006)

N. America Enchantment Lake Fm., Chocolay Gp.,
Marquette Range SGp.

45�490e46�300 N, 87�300e88�050 W;
Marquette Trough, Upper Peninsula
Michigan, USA

2288e2131 Bekker et al. (2006), Vallini et al. (2006)

Africa Witwatersrand SGp. South Africa 2600e2300 Frakes, 1979; Hambrey and Harland, 1981
Africa Makganyene Diamictite, Postmasburg

Group
28�470 S, 23�150 E; Griqualand West Basin,
South Africa

2415e2222 Cornell et al. (1996), Gutzmer and Beukes
(1998), Bau et al. (1999)

Africa Boshoek Fm, Lower Pretoria Group,
Transvaal SGp.

25�500 S, 28�250 E; Transvaal Basin, South
Africa

2316e2249 Dorland (2004), Hannah et al. (2004)

Africa Duitschland Fm, Lower Pretoria Group,
Transvaal SGp.

25�500 S, 28�250 E; Transvaal Basin, South
Africa

2480e2316 Pickard (2003), Hannah et al. (2004)

Australia Meteorite Bore Mb., Turee Creek Group 22�550 S, 117� E; Hamersley basin, Western
Australia

2209e2449 Barley et al. (1997), Trendall et al. (1998),
Pickard (2002)

Antarctica Widdalen Fm. 71�510 S, 2�430 W or 71�050 S, 2�210 W >1700 Frakes (1979), Hambrey and Harland
(1981)

Asia Gangau tillites 79�070e79�550 E, 24�200e24�400 N; Central
India

2600e1850 Frakes (1979), Hambrey and Harland
(1981)

Asia Sanverdam tillites 74�500e73�100 E, 15�300e15�050 N; South
India

2600e2200 Frakes (1979), Hambrey and Harland
(1981)

Europe Sakukan tillites Baikal, Russia 2640e1950 Melezhik and Fallick (1996), Melezhik
et al. (1997b)

Europe Lammos tillites 68� N, 30� E; Kola Peninsula, Russia >1900 Melezhik and Fallick (1996), Melezhik
et al. (1997b)

Europe Partanen tillites Southern Karelia, Russia 2150e1900 Melezhik and Fallick (1996), Melezhik
et al. (1997b)

Europe Sarioli tillites, Karelian Sgp. Eastern Baltic Shield, Russia 2455e2180 Melezhik and Fallick (1996), Melezhik
et al. (1997b)
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constrains the time of glaciation and attempts to relate to other
secular changes including positive d13Ccarb.

2. Geology and timing of typical Palaeoproterozoic glacial
records

Archaean plate reconstructions show the assembly of two su-
percontinents (Aspler and Chiarenzelli, 1998), the Northern Super-
continent (Kenorland/Superia) and the Southern Supercontinent.
The former is composed of the North American, Fennoscandian and
possibly Siberian shields (Williams et al., 1991). The latter is poorly
constrained and likely includes the Kaapvaal, Pilbara, Zimbabwe, São
Francisco and Indian cratons (Cheney, 1996; Bleeker, 2003; De Kock
et al., 2009a). Both supercontinents experienced protracted breakup
driven by inferred mantle plumes and associated intraplate rifting
(Aspler and Chiarenzelli, 1998; Bekker and Eriksson, 2003; Zhong
et al., 2007; Eyles, 2008). Breakup was shortly followed by the
onset of “icehouse” conditions in the Palaeoproterozoic. Hambrey
and Harland (1981) documented at least three discrete glacial suc-
cessions within the Palaeoproterozoic sedimentary record of
w2.45e2.22 Ga (Table 1; Fig. 1AeG). The lowermost glacial record is
separated from the continental flood-basalts by a w2000 m thick,
rift-related, siliciclastic succession, and the youngest glaciogenic
association is older than 2.22 Ga (Young et al., 2001; Long, 2004).

2.1. North America

In North America, Palaeoproterozoic glaciogenic deposits are
present in the Marquette Range Supergroup in Michigan (Fig. 1A),
the Huronian Supergroup in Ontario (Fig. 1B), and the Snowy
Pass Supergroup in Wyoming (Fig. 1C), as well as in their equiv-
alent successions in northern Quebec and Northwest Territories
(Ojakangas, 1988). The best preserved example is from the
Huronian Supergroup of Canada (Fig. 1B), which contains three
glaciogenic units from the lowermost Ramsey Lake Formation,
through Bruce Formation in the middle, and to the uppermost
Gowganda Formation, inter-bedded with the shales, carbonate
rocks and non-glacial fluvial-deltaic clastic sediments (Fralick
and Miall, 1989; Young, 1991; Sekine et al., 2011). The Espanola
Formation (Fig. 1B) was ever suggested to be cap carbonates
with d13Ccarb values ranging from �4.0& to 0.8& (Bekker et al.,
2005).



Figure 1. Stratigraphic correlation of the Huronian glaciations in the world (compiled from: Young, 1970, 2002; Miall, 1983; Halls and Bates, 1990; Melezhik and Sturt, 1994; Barley et al., 1997; Heaman, 1997; Vogel et al., 1998; Martin,
1999; Bekker et al., 2001, 2005, 2006; Ojakangas et al., 2001; Young et al., 2001; Lindsay and Brasier, 2002; Pickard, 2003; Hannah et al., 2004; Long, 2004; Melezhik, 2006; Bekker and Kaufman, 2007; Eriksson et al., 2011; and
references therein). Notations to ages: 1. zircon TIMS U-Pb age (Hammond, 1976); 2a. detrital zircon U-Pb age, suggesting maximum age of deposition (Vallini et al., 2006); 2b. hydrothermal xenotime age, suggesting minimum age of
deposition (Vallini et al., 2006); 3. baddeleyite TIMS U-Pb age (Andrews et al., 1986); 4. zircon TIMS U-Pb age for volcanic rocks (Krogh et al., 1984); 5. detrital zircon U-Pb age (Rainbird and Davis, 2006); 6. zircon and baddeleyite TIMS
U-Pb ages (Premo and Van Schmus, 1989; Cox et al., 2000); 7. detrital zircon TIMS U-Pb age (Premo and Van Schmus, 1989); 8. zircon TIMS U-Pb age for volcanic rocks (Amelin et al., 1995); 9. zircon SHRIMP U-Pb age for basalt lava
(Puchtel et al., 1996); 10. cited from Hanski et al. (2001); 11. zircon U-Pb age (Huhma, 1986); 12. zircon U-Pb age (Melezhik et al., 1997a); 13. zircon U-Pb age (Walraven, 1997); 14a. zircon U-Pb age (Dorland, 2004); 14b. detrital zircon
U-Pb age (Dorland, 2004); 15. diagenetic pyrite Re-Os isochron age (Hannah et al., 2004); 16. zircon SHRIMP U-Pb age for volcanic ash beds (Pickard, 2003); 17. zircon SHRIMP U-Pb age for ash beds (Martin et al., 1998); 18. whole rock
Pb-Pb isochron age (Cornell et al., 1996); 19. detrital zircon U-Pb age (Gutzmer and Beukes, 1998); 20. zircon SHRIMP U-Pb age (Trendall et al., 1998); 21. zircon SHRIMP U-Pb age (Barley et al., 1997); 22. titanite U-Pb age (Noce et al.,
1998); 23. detrital zircon U-Pb age (Machado et al., 1992); 24. carbonate Pb-Pb isochron age (Babinski et al., 1995); 25. zircon SHRIMP U-Pb age (Endo et al., 2002); 26. compiled from Machado et al. (1992, 1996), Machado and Carneiro
(1992), Chemale et al. (1994), Noce et al. (1998), and Endo et al. (2002).
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The Huronian Supergroup is subdivided by unconformities into
the Elliot Lake, Hough Lake, Quirke Lake and Cobalt groups in
ascending sequence (Fig. 1B). The Elliot Group is the only one
stratigraphic unit without diamictite. It rests unconformably on the
Archaean basement and has been deposited in a rift setting possibly
connected with an ocean to the east (Young et al., 2001). Locally
preserved palaeosols at the base of the Elliot Group are reduced
(Prasad and Roscoe, 1996), and the Livingstone Creek and Mat-
inenda formations contain uraniferous and pyriferous conglomer-
ates, which indicate that the atmospheric p(O2) is extremely low
(Mossman and Harron, 1983; Chen, 1990, 1996). The shale samples
from the McKam Formation (Fig. 1B) do not show any Eu-depletion
(Taylor and McLennan, 1985), suggesting an anoxic sedimentary
environment (Chen, 1996 and references therein). Moreover, both
the Matinenda and McKam formations have high CIA (chemical
index of alteration) values which suggest a warm and humid
climate (Nesbitt and Young, 1982). Therefore, the environment
before the Huronian glaciation was anoxic. The Cobalt Group,
starting with the Gowganda Formation (Fig. 1B), comprising the
uppermost unit of the Huronian Supergroup, was deposited on a
passive margin (Young et al., 2001). The upper Gowganda Forma-
tion of the Cobalt Group contains deltaic mudstones and sand-
stones, and is overlain by mature quartzites of the fluvial Lorrain
and tidally-influenced Bar River formations. Unaltered feldspar
grains are present in the lower part of the Lorrain Formation, while
Al-rich quartzites (containing pyrophyllite, sericite, kaolinite and
diaspore) in the middle and upper parts of the Lorrain Formation
imply deep weathering in a warm and humid climate (Chandler,
1984). The Lorrain Formation and the Bar River Formation are
separated by a thinly inter-bedded succession of varicoloured and
silicified mudstone, siltstone, sandstone, and rare carbonate of the
Gordon Lake Formation. The Cobalt Group provides evidence for an
oxygenated atmosphere, including red beds of the Lorrain Forma-
tion and the upper Gowganda Formation (Young et al., 2001), an
oxidized Ville Marie palaeosol below the Lorrain Formation
(Rainbird et al., 1990; Panahi et al., 2000), pseudomorphs of
anhydrite (oxidative sulphur) in the Gordon Lake Formation
(Chandler, 1988), and remarkably negative sedimentary Eu anom-
alies (Taylor and McLennan, 1985; Chen, 1996).

A divergent continental margin, which developed on the south-
facing edge of the Superior Craton and was later subjected to a
collisional orogeny, has been suggested as the tectonic setting for
the Huronian sediments (Young and Nesbitt, 1985; Fralick and
Miall, 1989). The basal conglomerate of the Livingstone Creek For-
mation gives a detrital zircon U-Pb age of 2497 � 10 Ma (Rainbird
and Davis, 2006), and the volcanic rocks of the Thessalon Forma-
tion yield a zircon TIMS U-Pb age of 2450þ 25/�10Ma (Krogh et al.,
1984), indicating that the lower portion of the Elliot Lake Group
was deposited between 2.5 and 2.45 Ga. A Rb-Sr isochron age of
2330 Ma for the volcanic tuffs from the McKam Formation of the
topmost Elliot Lake Group is widely accepted (Taylor and
McLennan, 1985), suggesting that the HGE was not earlier than
2.33 Ga. The whole Huronian Supergroup is cut by the Nipissing
dykes that yield baddeleyite TIMS U-Pb age of 2217.5 � 1.6 Ma
(Andrews et al., 1986), indicating that the HGE occurred before
2.22 Ga.

In USA, the Chocolay Group of the Marquette Range Supergroup
(Fig. 1A) along the southern shore of the Lake Superior in Michigan
and Wisconsin is lithostratigraphically correlated with three upper
groups of the Huronian Supergroup (Bekker et al., 2006). The
Enchantment Lake Formation is lowest unit of the Chocolay Group,
unconformably overlying the Archaean basement in the Upper
Peninsula of Michigan. It comprises of glacial diamictites and is
overlain by the Mesnard quartzites, Kona dolomites and Wewe
slates in ascending sequence. The Tilden granite cutting the
Archaean Compeau Gneiss in Marquette area (Fig. 1A) yielded
zircon U-Pb age of 2345� 20Ma, whichwas taken as themaximum
age of the Chocolay Group (Hammond, 1976). Detrital zircon grains
and hydrothermal xenotime crystals from the diamictites yield
SHRIMP U-Pb ages of 2288 � 15 Ma and 2131 �13 Ma, respectively
(Vallini et al., 2006), well bracketing the depositional duration of
the glaciation event.

The Snowy Pass Supergroup in Wyoming Craton, USA, can be
better correlated with the Huronian Supergroup (Fig. 1B, C; Bekker
et al., 2005). It either unconformably overlies or structurally con-
tacts with the late Archaean basement, and includes the Deep Lake
Group, the lower Libby Creek Group and the upper Libby Creek
Group in ascending sequence. Three glaciogenic units can be
observed in two lower groups, which are lithologically sandwiched
with quartzites, metapelites and thin-bedded carbonates. Both the
Deep Lake Group and the lower Libby Creek Group were deposited
in rift and passive margin settings. The Deep Lake Group starts with
a fluvial rift deposition, characterized by quartz-pebble conglom-
erates containing detrital pyrite and uraninite (Magnolia Forma-
tion), indicating a low p(O2) atmosphere. A transition from
intracratonic rift to open marine settings coincided with deposition
of the Vagner Formation (Karlstrom et al., 1983). The lower Libby
Creek Group possibly records a transition from passive margin to
foredeep (Karlstrom et al., 1983) or dissection of a mature passive
margin (Bekker and Eriksson, 2003). The youngest glacial dia-
mictite unit is overlain by thick, mature, Al-rich and haematite-
bearing quartzites (Medicine Peak Quartzite), and carbonate units
(Nash Fork Formation) with positive d13C anomalies (Bekker et al.,
2003a).

The detrital zircon grains from the clastic sediments beneath the
lowest diamictite unit at Sierra Madre area yielded TIMS U-Pb age
of 2451 � 9 Ma (Premo and Van Schmus, 1989), constraining the
maximum glaciation age to be <2.45 Ga. Zircon and baddeleyite
from the tholeiitic gabbros intruding the Deep Lake Group at Sierra
Madre and Laramie areas yield TIMS U-Pb ages of 2.09e2.01 Ga
(Premo and Van Schmus, 1989; Cox et al., 2000). This shows that
the glaciation in Wyoming Craton occurred in the bracket of
2.45e2.1 Ga.

2.2. Fennoscandian

In the Fennoscandian Shield, the Palaeoproterozoic rocks are
subdivided into Sumi, Sarioli, lower Jatulian, upper Jatulian, Ludi-
kovi, and Kalevi groups in younging sequence (Melezhik et al.,
1997a). The Sumi Group consists of basaltic pyroclastics, tuffs, re-
deposited coarse volcanic clastics, and basaltic subaerial lavas
that can be >3000 m thick in the ImandraeVarzuga Greenstone
Belt (Melezhik et al., 1997b). The volcanic rocks in the Sumi Group
are considered to be continental flood-basalts (Puchtel et al., 1996,
1997; Heaman, 1997) coeval and comagmatic with the
2505e2432 Ma layered gabbro complexes (Melezhik and Sturt,
1994; Amelin et al., 1995; Vogel et al., 1998). The rift-related Sumi
Group volcanic rocks are separated from the overlying Sariolian
Group sedimentary successions by a regional unconformity which
can be traced throughout Fennoscandia (Sturt et al., 1994). It was
estimated that there were at least 2e3 km of erosion occurred prior
to deposition of the Sarioli units, because clasts of the layered
gabbro intrusions are incorporated in the conglomerates of the
Sariolian Group and petrological evidence suggests that the in-
trusions crystallized at depths of 2e3 km (Latypov et al., 1999).

The glaciogenic units in the Polisarska Formation (Fig. 1D) of the
ImandraeVarzuga Greenstone Belt in the Kola Peninsula and the
Urkkavaara Formation of the North Karelia Schist Belt in Finland are
associated with the Sariolian Group sedimentary successions
(Ojakangas et al., 2001) and their equivalents such as the
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Neverskrukk Formation in the Pechenga Greenstone Belt and the
Sompujärvi Formation in the Perapähja Schist Belt (Melezhik,
2006). These units consist of polymict conglomerates, gritstones,
sandstones, diamictites and varve-like sedimentary rocks with
dropstones interpreted as glaciomarine (Marmo and Ojakangas,
1984; Strand and Laajoki, 1993; Ojakangas et al., 2001).

The glaciation event can be constrained between 2441 � 2 Ma
(the age of the Sumi volcanic rocks; Amelin et al., 1995; Puchtel
et al., 1996) and 2221 Ma (the age of diabase dyke intruding the
Sariolian Group; Hanski et al., 2001). In addition, the duration of the
unconformity between the Sumi Group and the Sariolian Group
(Fig. 1D) was inferred between 2.44 Ga and 2.33 Ga (Melezhik,
2006). The latter limit comes from a whole-rock Rb-Sr isochron
age of 2330 � 38 Ma dated for volcanic rocks in the Pechenga
Greenstone Belt (Balashov et al., 1994) that was supposed compa-
rable to the Sariolian Group (Melezhik, 2006).

In the North Karelia Schist Belt, diamictite, varve-like sediment
with dropstones and graded sandstone form the w60 m Urkka-
vaara Formation (Marmo and Ojakangas, 1984). These rocks were
deposited on w250 m thick conglomerates which mark a regional
high-angle unconformity with underlying units. The depositional
age of the Urkkavaara Formation remains poorly constrained but
was suggested to correlate with a part of the Sariolian succession
(Melezhik et al., 1997a; Melezhik, 2006).

The deposition of Sariolian sediments was followed by an
intensive weathering period that resulted in the development of
palaeosols throughout the Fennoscandian Shield (Melezhik et al.,
1997a). These palaeosols, separating the Sariolian and lower Jatu-
lian successions, can be observed at the areas developed with the
Jatulian Group (Marmo, 1992). The internal boundary between the
lower Jatulian and upper Jatulian groups can be estimated between
2115 � 6 Ma (zircon U-Pb age of the Koljola diabase dike;
Pekkarinen and Lukkarinen, 1991) and 2105 � 15 Ma (zircon U-Pb
age of the Oravaara basalts; Huhma, 1986) at Kiihtelysvaara. The
2.22e2.06 Ga Jatulian successions in the Fennoscandian Shield
distribute in an area of >800,000 km2 and show remarkably pos-
itive d13Ccarb excursion (Schidlowski et al., 1976; Melezhik and
Fallick, 1996).

The boundary between the upper Jatulian Group and the over-
lying Ludikovian Group is widely marked by an abrupt change from
‘red beds’ to organic carbon-bearing sediments (Melezhik et al.,
1997a). The age for the JatulieLudikovi boundary can be obtained
from a number of areas; for instance, from the KittilaeKolari
Greenstone Belt is based on the zircon U-Pb age of 2060 � 4 Ma
dated for the Riikonkoski albite gabbro (Melezhik et al., 1997a),
which constrains the earliest development of organic carbon-
bearing sediments.

2.3. South Africa

Attenuation of the Southern Supercontinent involved crust- and
mantle-driven magmatism followed by rifting (Melezhik, 2006). In
South Africa, this is manifested by an igneous event forming
extensive mafic tuffs aged 2470e2430 Ma (Jones et al., 1975;
Hamilton, 1977), almost coeval with the deposition of
2480e2465 Ma banded iron formations (Bekker et al., 2001; and
references therein).

The Transvaal Supergroup sedimentary and volcanic rocks were
deposited in an epicontinental setting over an area of >500,
000 km2 on the Kaapvaal Craton from ca. 2.6 Ga to 2.0 Ga (Walraven
et al., 1990; Bau et al., 1999; Buick et al., 2001). They are mainly
preserved in the Transvaal (eastern or northeastern) (Fig. 1E) and
Griqualand West (or southwestern) basins (Fig. 1F; Beukes, 1986;
Button, 1986; Eriksson et al., 2011). In the Transvaal Basin, the
Transvaal Supergroup comprises, in ascending sequence (Fig. 1E),
(1) the protobasinal sediments underlying the Chuniespoort Group,
(2) the Chuniespoort Group composed of marine-platform jaspi-
lites, banded iron formations, dolostones and quartzites (Bekker
et al., 2001), and (3) the uppermost, shallow-marine to fluvial
Pretoria Group unconformably overlying the Chuniespoort Group
(Tankard et al., 1982; Buick et al., 1998). The Transvaal Supergroup
was intruded by mafic rocks of the Bushveld Complex at
2061 � 2 Ma (Walraven, 1997). The Duitschland Formation, the
lowest unit of the Pretoria Group (Fig. 1E), is dominated by marls,
mudrocks, dolostones and limestones, with minor thin beds of
quartzite and conglomerate, as well as the glaciogenic diamictite
bed at the base (Frauenstein et al., 2009; Eriksson et al., 2011).
Detrital zircon grains from the uppermost unit of the Duitschland
Formation yield U-Pb age of 2424 � 12 Ma (Dorland, 2004); whilst
the unconformably overlying the Timeball Hill (or Rooihoogte)
Formation shales yield diagenetic pyrite Re-Os isochron age of
2316 � 7 Ma (Bekker et al., 2004; Hannah et al., 2004). This shows
that the diamictites in the Duitschland Formation must be depos-
ited in the span of 2424e2316 Ma, obviously earlier than those in
North America, and unlikely correlated with the HGE.

The Boshoek Formation is dominated by glacial diamictites. It
overlies the Timeball Hill Formation shales aged 2316 � 7 Ma
(Hannah et al., 2004), and is covered by the Hekpoort Formations
flood basalts aged 2248.9 � 5.9 Ma (Dorland, 2004). The glaciation
time, therefore, is constrained in the period of 2.32e2.25 Ga, well
coeval to the HGE in North America.

In the GriqualandWest Basin in the Northern Cape Province, the
Transvaal Supergroup has been subdivided into the basal Ghaap
Group, middle Postmasburg Group, and overlying Olifantshoek
Group (Fig. 1F), corresponding to the Chuniespoort, lower Pretoria
and upper Pretoria Groups in the Transvaal Basin, respectively. The
Postmasburg Group includes four different lithologic units (Fig. 1F),
with the lowest Makganyene Formation being composed of dia-
mictites (Polteau et al., 2006). The Makganyene Formation is vari-
able in thickness up to 500 m, but 3e70 m in general. It comprises
mostly of massive and coarsely bedded diamictites, with subordi-
nate lenticular conglomerates, sandstones and mudrocks (locally
varved) (Polteau et al., 2006). The diamictite formation is uncon-
formably overlain by the Ongeluk flood basalts aged 2222 � 13 Ma
(Cornell et al., 1996), and unconformably overlies the Ghaap Group
(Altermann and Nelson, 1998) with detrital zircon U-Pb age of
2415 � 6 Ma (Gutzmer and Beukes, 1998), suggesting that the
glaciation occurred in the time span of 2.41e2.22 Ga.

2.4. Western Australia

In Australia (Fig. 1G), a 2449 Ma large igneous province was
developed equatorially (Evans, 2003) and accompanied by the
largest Palaeoproterozoic banded iron formation (Barley et al.,
1997; Pickard, 2003). The Palaeoproterozoic Hamersley basin lies
close to the southern margin of the Pilbara Block (Trendall, 1990;
Blake and Barley, 1992) and accommodates the Hamersley, Turee
Creek and Wyloo groups (Fig. 1G). The Hamersley Group is well
known for the development of banded iron formation (Trendall and
Blockley,1970) and some of the Earth’s earliest platform carbonates
(2.6e2.5 Ga; Simonson et al., 1993). It developed in a rift setting,
and consequently, contains lots of biogeochemical sediments, vol-
canic rocks fine-grained clastic rocks. The Turee Creek Group re-
cords the transition from a passive margin to a foreland basin
setting (Tyler and Thorne, 1990) and upwardly includes the Kun-
garra, Koolbye and Kazput Formations (Fig. 1G). The Meteorite Bore
Member of the Kungarra Formation was determined to be glacio-
genic diamictites (Lindsay and Brasier, 2002). To date, no isotope
age has been reported for the diamictites and the whole Turee
Creek Group. However, the Turee Creek Group overlies the
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Hamersley Group whose rhyolite yields zircon SHRIMP U-Pb age of
2449 � 3 Ma (Trendall et al., 1998; Pickard, 2002), suggesting that
the glaciationwas not earlier than 2.45 Ga. The group is overlain by
the Wyloo Group whose Cheela Springs basalt formation yields
SHRIMP zircon U-Pb age of 2209 � 15 Ma (Barley et al., 1997),
indicating that the glaciation ended before 2.21 Ga.

2.5. Brazil

In Brazil (Fig. 1H), deposition of the Minas Supergroup was
initiated with rifting and breakup of the eastern margin on the
Archaean platform and ended with the Transamazonian Orogeny
(Marshak and Alkmim, 1989). The late stage of the Transamazonian
Orogeny was constrained by titanite ages of 2059 � 6 Ma and
2041 � 6 Ma (Machado et al., 1992; Noce et al., 1998) and by
2125 � 4 Ma U-Pb age of detrital zircon from the overlying
orogenic Sabará Group (Machado et al., 1992). The Minas Super-
group includes the Caraças, Itabira, and Piracicaba groups (Bekker
et al., 2003b). A minimum age of the Itabira Group is constrained
by the carbonate Pb-Pb age of 2420 � 19 Ma obtained for the
Gandarela Formation (Babinski et al., 1995).

There is a wide sedimentary discontinuity between the Itabira
and Piracicaba Groups. Evidence for erosional unconformity in-
cludes locally angular contact with the Gandarela Formation, Ita-
bira Group, and locally preserved regolith at the top of the
Gandarela Formation containing red or variegated fine-grained
lenticular rocks (Maxwell, 1972). Phyllites in the basal part of the
formation contain large amounts of kyanite which represents a
reworked Al-rich regolith above the unconformity (Herz and Dutra,
1964). Herringbone cross bedding, planar bedding, soft-sediment
deformation structures, and ripple marks are abundant in quartz
arenites of the overlying Cercadinho Formation, indicating a
shallow-marine, tidally-influenced sedimentary environment
(Romano, 1989). The carbonate Pb-Pb age of 2110 � 110 Ma for the
Fecho do Funil Formation, Piracicaba Group, was related to a
metamorphic overprint due to the Transamazonian Orogeny
(Babinski et al., 1995). Therefore, during 2.42e2.11 Ga, the São
Francisco Craton, southeastern Brazil, was subjected to an erosion,
which probably resulted in the absence of glacial diamictites
(Bekker et al., 2003b).

3. Timing of the Huronian Glaciation Event

3.1. Discreteness of glacial deposits

The Palaeoproterozoic glaciogenic rocks have been preserved in
almost every continent, but the occurrence of glacial diamictites is
discrete in different continents and even within a single craton. For
example, there are three to four glacial intervals in the North
American continent (Fig. 1B, C), but in other continents (e.g., South
Africa or Western Australia, Fig. 1F, G) only one diamictite unit can
be observed. Moreover, in the Minas Supergroup of São Francisco
Craton (Brazil), no glaciogenic diamictite bed has been recognized
yet. As shown in Fig. 1B and C, the sedimentation of the Huronian
Supergroup in southern Ontario and the Snowy Pass Supergroup in
Wyoming are continuous, and consequently, the diamictites are
well observed. At least three correlating levels of glacial diamictites
are recognized in both areas (Ojakangas, 1988; Young, 1991; Bekker
et al., 2005).

The Enchantment Lake diamictite unit and its hosting Chocolay
Group in Michigan can be well correlated with the Cobalt Group in
Ontario and Libby Creek Group in Wyoming in both lithology and
stratigraphy (Fig. 1A, B; Young, 1973; Ojakangas et al., 2001; Argast,
2002; Bekker et al., 2006). However, the glacial diamictites of the
Enchantment Lake Formation are confined to the eastern part of the
Chocolay Group outcrop area in the Upper Peninsula of Michigan
and unconformably overlie the Archaean basement. The other two
lower diamictite units developed in Ontario and Wyoming are
absent in this area. This may be related to the erosion prior to the
deposition of the Enchantment Lake Formation (Morey and
Southwick, 1995); and alternately, the other two lower diamictite
units are combined into the Enchantment Lake Formation. Simi-
larly, there is an unconformity or sedimentary discontinuity be-
tween the Archaean to lowermost Palaeoproterozoic basements
(>2.4 Ga) and the overlying glaciogenic diamictite successions or
equivalents in the Fennoscandian Shield, Kaapvaal Craton, São
Francisco Craton and Pilbara Block (Fig. 1). The w300 Ma (from
2420 to 2110 Ma) sedimentary discontinuity between the Itabira
Group and the Piracicaba Group in the São Francisco Craton entirely
span the Huronian glaciation period. Thus, in spite of the incom-
pleteness or absence of the glacial records in some cratons, which
could be correlated with unconformities due to glacio-eustatic sea-
level fall, it is possible to correlate the Palaeoproterozoic glacial
diamictites (Fig. 2 and Table 2). It can also be concluded that the
Huronian Glaciation Event was likely synchronous all over the
world (Fig. 2 and Table 2).

3.2. Timing of the Huronian Glaciation Event

Bekker et al. (2001, 2005) proposed that the diamictites in
Gowganda Formation in Canada were temporally equivalent to the
Boshoek Formation (or included in the Timeball Hill Formation)
and Makganyene Formation in South Africa. In contrast, Kopp et al.
(2005) suggested that the BoshoekeMakganyene diamictites might
reflect a fourth Palaeoproterozoic glacial event unrecognized in
North America, because the rise of atmospheric oxygen was
recorded in the Timeball Hill Formation in South Africa (Bekker
et al., 2004), but not in the post-Gowganda strata in the Huronian
Supergroup in North America (Bekker et al., 2001). The latter
interpretation, however, is not supported due to the following
reasons: (i) geochronologic constraints for the glacial diamictites in
Michigan and Wisconsin bracket the Gowganda Formation be-
tween 2288� 15 and 2131�13Ma (Fig. 1A, B), which is coeval to or
slightly younger than the age bracket from 2316 � 7 Ma to
2248.9 � 5.9 Ma constrained for the lower Timeball Hill Formation
(Hannah et al., 2004); (ii) no mature quartzite has been recognized
below the Timeball Hill and Makganyene glacial diamictites, sug-
gesting that the diamictites occurred at the bottom or in the lower
portion of a sedimentary sequence, instead of in the upper portion
or at the top; (iii) neither Makganyene Formation diamictites nor
the upper part of the Timeball Hill Formation showany relationship
with cap carbonates or banded iron formations (Bekker et al., 2005;
Eriksson et al., 2011); (iv) there is no chronological evidence to
support the fourth discrete Palaeoproterozoic glaciation episode;
and (v) there is a ca. 70 Ma break between the deltaic deposits of
the Timeball Hill and Boshoek formations and the overlying sub-
aerial volcanic rocks of the Hekpoort Formation (Hannah et al.,
2004). Thus, we prefer the interpretation that the Boshoek and
Makganyene glacial diamictites are correlated with glacial dia-
mictites in the Huronian Supergroup of North America. Similarly,
the Meteorite Bore Member glacial diamictites of the Turee Creek
Group in the Hamersley Basin, Western Australia should be corre-
lated with the glacial diamictites in the Huronian Supergroup. The
Duitschland glacial diamictites (>2424 Ma) might reflect another
earlier glaciation event, which probably occurred at a high latitude
or high altitude area and should be excluded from the records of the
HGE, although it could be a prelude of the HGE.

Given that the HGE was globally synchronous, its timing can be
constrained more accurately as shown in Fig. 2. As isotope dating of
minerals and rocks from the diamictite units cannot determine



Figure 2. Sketches showing the timing of the global Palaeoproterozoic glaciation records.

H. Tang, Y. Chen / Geoscience Frontiers 4 (2013) 583e596 589
their deposition time, the ages of diamictite units are mainly con-
strained in time ranges by using the ages of underlying and over-
lying volcanic rocks, or the ages of intrusions covered by or
crosscutting the diamictite units (see Table 2 and discussion in
Section 2). This means that the real duration of the glaciation is
shorter or narrower, but within the ranges shown in Table 2 and
Fig. 2. Hence, we can constrain the duration time of the HGE to be
2.32e2.22 Ga, and more concisely, to be 2.29e2.25 Ga.

4. Causes of the Huronian Glaciation Event

Models advanced to explain the onset of the Palaeoproterozoic
global Huronian Glaciation Event include: (i) drawdown of atmo-
spheric CO2 as a result of increasingweathering caused by accretion
and collision tectonics (Young, 1991); (ii) lowering CO2 concentra-
tions due to enhanced weathering of silicates caused by rifting of
supercontinents at low latitudes (Evans et al., 1997; Evans, 2003);
and (iii) greenhouse effect resulted from CH4 elimination and at-
mospheric oxygenation (Pavlov et al., 2000; Kasting, 2004, 2005;
Kopp et al., 2005).

4.1. Drawdown of atmospheric CO2

The CO2 percentage in atmosphere may have changed dramat-
ically during the periods of intensive chemical weathering
during Palaeoproterozoic times. Young (1991) indicated that the
Table 2
Reassessment of the ages of the Palaeoproterozoic glaciogenic diamictites in the world.

Area Diamictite-bearing strata

Superior, Canada Hough Lake, Quirke Lake & Cobalt Gps.,
Wyoming, USA Deep Lake & Lower Libby Creek Gps., Sn
Michigan, USA Enchantment Lake Fm., Chocolay Gp.
Kola, Fennoscandian, Russia Polisarska Fm., Sariolian Gp.
Transvaal, S Africa Duitschland Formation, Pretoria Gp.
Transvaal, S Africa Boshoek Fm., Pretoria Gp., Transvaal SG
Griqualand West, S Africa Makganyene Fm., Postmasburg Gp., Tra
Hamersley, W Australia Meteorite Bore Mb., Kungarra Fm., Ture
widespread 2.4e2.2 Ga glaciations might have been caused by
decreasing amounts of greenhouse gases pumped into the atmo-
sphere during waning of the superplume event, negative feedback
of continental weathering, and ceasing albedo resulting from the
formation of Neoarchaean supercontinent.

The terrestrial CO2 budget is balanced between sources and
sinks. The sources include the deep ocean, decomposed organic
matter, and volcanic andmetamorphic degassing; and the sinks are
the ocean surface, atmosphere and organic debris (Sundquist,1993;
Melezhik, 2006), as well as the carbonate sedimentation and crust
surface carbonation (Tang et al., 2004). During active rifting, out-
gassing of CO2 related to voluminous continental volcanism may
have been sufficient to balance the predicted large CO2 drawdown
by chemical weathering. High atmospheric CO2 percentage pre-
vented cooling and was suggested to be a major factor in the lack of
Archaean glaciations, which might also reflect a lack of large
Archaean continents.

As documented in Fennoscandian Shield, palaeotopography was
defined by large rift-separated uplifts and the weathering as well as
deep erosion (down to 2e3 km) of the Archaean crust (Melezhik,
2006). Such processes should have inevitably resulted in an
enhanced silicate weathering rate and a considerable consumption
of atmospheric CO2. Similarly, other Huronian glacial diamictites
from North America and South Africa are developed above angular
unconformities, suggesting that erosion of flood-basalts might
have provided an enhanced flux of materials to the ocean on a
Maximum age Minimum age

Huronian SGp. 2.33 Ga 2.22 Ga
owy Pass SGp. <2.45 Ga >2.09 Ga

2.29 Ga 2.13 Ga
2.44 Ga 2.22 Ga
2.42 Ga 2.32 Ga

p. 2.32 Ga 2.25 Ga
nsvaal SGp. 2.41 Ga 2.22 Ga
e Creek Gp. 2.45 Ga 2.21 Ga
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semiglobal scale (Bekker et al., 2005, 2006; Eriksson et al., 2011).
Extraction of CO2 from the atmosphere can be seen as related to
extensive chemical weathering of Ca and Mg silicates and at the
same time relative O2 content could have increased dramatically
(Raymo, 1991; Melezhik, 2006; Eriksson et al., 2011). The glacial
eras themselves are noted for disturbances to the carbon cycle, as
manifested by d13C (Bekker and Kaufman, 2007).

Atmospheric CO2 drawdown would have been enhanced by
large-scale fresh basaltic surfaces which should create particularly
strong CO2 sinks (Taylor and Lasaga, 1999; Dessert et al., 2001). It
has been demonstrated that the considerable consumption of at-
mospheric CO2 by fresh basaltic surfaces severely impacted the
global climate during younger periods and led to global refrigera-
tion lasting over a million of years (Dessert et al., 2001, 2003).

This model can be supported by geological data as the following:
(i) basalts or mafic rocks were widely developed in Archaean or
pre-Huronian granite-greenstone terrains; (ii) in several areas,
such as the Superior Craton and Pilbara Block (i.e., Fortescue Group;
Taylor and McLennan, 1985), flood basalts can be observed under-
lying the Huronian diamictite units; and (iii) carbonate strata
developed before the HGE, such as the Wittenoom Formation of
Hamersley Group and Kungarra Formation of Turee Creek Group in
West Australia; and the Chuniespoort Group and the Duitschland
Formation of the Lower Pretoria Group in Transvaal Basin, South
Africa. Despite of this, the CO2 drawdownmodel disagrees with the
following facts: (i) as shown in Fig. 1, the basalts overlying the
Huronian diamictites are far more than those underlying the dia-
mictites, but did not followed with glacial records; (ii) the post-
Huronian carbonates are more widespread than the pre-Huronian
carbonates; and (iii) the black shales which are abundant in
organic debris overlie, rather than underlie, the Huronian glacio-
genic diamictite units (Fig. 1C).

4.2. Latitude-related glaciation

According to Eyles (2008) and Eriksson et al. (2011), common
factors in the glaciations are major supercontinental fragmentation
and reassembly events, along with climate perturbations most
likely related to weathering induced drawdown of CO2 at low
latitudes.

Assuming that the pre-Huronianmajor landmasses were in low-
latitude position, the CO2 consumption via silicate weathering can
be in the order of five magnitudes higher as compared to other
climatic regions (Dessert et al., 2003). Carbon isotope values of pre-
Huronian carbonates (Bekker et al., 2003a) indicate that the recy-
cling of the organic matter was not effective, resulting in reduced
CO2 emissions. This would have amplified the decline of atmo-
spheric CO2, which was already in decline from drawdown due to
enhanced silicate weathering in low-latitude positions. Hence, net
CO2 emission was significantly reduced while the sink was drasti-
cally increased. This would have led to the considerable drawdown
of atmospheric CO2 and the onset of global cooling and, ultimately,
to glacial conditions (Melezhik, 2006).

Although orography and ocean circulation in relation to high-
latitude continents influences the occurrence and intensity of
glaciation, model results clearly show that widespread glaciations
interrupting warmer climate must be associated with periods of
low atmospheric p(CO2), thus making the linkage to the global
geochemical cycles of oxygen and carbon (Fairchild and Kennedy,
2007).

There are no direct data suggesting palaeogeographic locations
of the glacial deposits, but the large continental flood-basalt
provinces in Australia (Barley et al., 1997), Fennoscandia (Puchtel
et al., 1996, 1997; Heaman, 1997), North America (Heaman, 1997;
Vogel et al., 1998) and possibly in India (Bhat et al., 1998) were
erupted in regionally uplifted and rifted continents in low-latitude
positions at ca. 2450 Ma, immediately prior to the onset of the
glaciation. In a palaeolatitudinal drift construction for Fenno-
scandia drawn up by Mertanen et al. (1989), the Karelian Craton
drifted from high to moderate latitudes with no major rotations
during Palaeoproterozoic times. Whereas the Karelian Craton
shifted to lower latitudes, the adjacent North American Craton
might have moved to a position to undergo further glaciations at
high latitudes. Palaeomagnetic studies indicate a near-equatorial
palaeolatitude for the Ongeluk lava (De Kock et al., 2009b) and
hence for the near-contemporaneous Makganyene diamictite
(Evans et al., 1997).

However, the latitude-related glaciation model cannot explain
the occurrence of several successive glaciations on the same craton,
as is recorded in the Huronian Supergroup (Strand, 2012) and
Snowy Pass Supergroup, as well as Transvaal Basin. Therefore, the
glaciations may have fluctuated, not only with orbital but also with
atmospheric changes (Young, 1991; Young et al., 2001).

4.3. Elimination of CH4

Early Earth’s atmosphere was apparently dominated by CH4
which was responsible for a warm climate (e.g., Chen, 1990, 1996;
Pavlov et al., 2000). Removal of most of the CH4 by oxidation due to
the rise of O2 at 2320 Ma (Farquhar et al., 2000; Pavlov and Kasting,
2002; Bekker et al., 2004; Frei et al., 2009; Konhauser et al., 2009)
has been considered as a cause of the Palaeoproterozoic glacia-
tion(s) (Pavlov et al., 2000; Kasting, 2004, 2005) and even for the
onset of the Palaeoproterozoic Snowball Earth (Kopp et al., 2005).

However, the CH4-centred model cannot explain how the Earth
recovered from the global glaciation, and why it did not experience
new glaciations in the following 1500 Ma time interval. Thus, other
greenhouse gases such as CO2 and water vapour could have played
an equally important role (Bekker and Kaufman, 2007). The only
way of removing CO2 as well as oxidized CH4 from the atmosphere
is either by biological photosynthesis or via a carbonate-silicate
geochemical cycle.

The Palaeoproterozoic glacial epoch has been related to the
transition from the anoxic CH4-rich atmosphere to an oxic, CO2-rich
atmosphere (e.g., Chen, 1996; Pavlov et al., 2000; Claire et al., 2006;
Goldblatt et al., 2006); and the multiplicity of ice ages is arguably
related to oscillations in O2 and CH4 as well as CO2 production.
Bekker et al. (2005) speculated that fluctuating atmospheric oxy-
gen level during the Palaeoproterozoic glacial epoch led to a step-
wise increase in atmospheric CO2 contents at the expense of
methane. 13C depleted organic matter (e.g., Pecors Formation;
Fig. 1B) formed in the aftermath of the oldest Palaeoproterozoic
glacial epoch provides the convincing evidence for biogeochemical
methane cycling above the wave base in the Huronian Basin
(Bekker and Kaufman, 2007). Some methane produced below the
redox boundary escaped to the atmosphere and the consequent
balance between biogeochemical methane and oxygen production
modulated climatic changes during the Palaeoproterozoic glacial
epoch.

The Palaeoproterozoic HGEwas shortly followed by one or more
remarkable positive d13Ccarb excursions variously termed as the
Lomagundi Event (Schidlowski et al., 1975, 1976; Bekker et al.,
2006; Tang et al., 2011; and references therein), the Jatulian Event
(Melezhik et al., 1999b) or the Great Oxidation Event (GOE) (Karhu
and Holland, 1996; Anbar et al., 2007; Konhauser et al., 2009; Zhao,
2010). The release of oxygen during this profound biogeochemical
anomaly would have conspicuously decreased atmospheric
methane levels before atmospheric CO2 fell below the level
required to maintain greenhouse conditions alone. This event most
likely marked the irreversible transition to an oxygenated
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atmosphere with a nearly constant percentage of CO2 thereafter
acting as the major greenhouse gas throughout the rest of Earth’s
history.

4.4. BIF deposition: a new model

Increasing icehouse gases such as O2 and decreasing green-
house gases such as CH4 and CO2 will inevitably cool the
hydrosphere-atmosphere system and resulted in glaciation event.
However, a reducing hydrosphere-atmosphere system prevented
from oxygenation, because the O2 generated from biological
photosynthesis must be instantly consumed in oxidation of the
reducing components accumulated in an anoxic system. There-
fore, removal or drawdown of reducing components from the
system is the prerequisite for a glaciation event.

The early Earth’s hydrosphere-atmosphere systemwas obviously
anoxic from w4.5 to 2.5 Ga (Cloud, 1968, 1973; Holland, 1994; Rye
and Holland, 1998). Such a long anoxic history made the Archaean
hydrosphere enriched with a large amount of low-valent ions rep-
resented by Fe2þ. Since the beginning of the Palaeoproterozoic era,
biological photosynthesis was enhanced (Melezhik et al., 1997a,
1999a; Chen et al., 2000), which transferred CO2 into organic
debris and O2; the O2 was consumed in oxidation of the accumulated
Fe2þ and CH4 in the ways of 4Fe2þ þ O2 þ 10H2O¼ 4Fe(OH)3 þ 8Hþ,
and CH4 þ 2O2 ¼ CO2 þ 2H2O. During these processes, O2 was
generated, atmospheric CO2 drawdown occurred, CH4 was elimi-
nated, BIF was deposited, and the CO2 in hydrosphere-atmosphere
system was relatively enriched in 13C due to the fixation of 12C in
organic debris (Schidlowski et al., 1975; Schidlowski, 1988). After
removal of the majority of reducing components from the oceans
which is indicated by widespread deposition of BIFs (Bekker et al.,
2010; Zhai and Santosh, 2013), the O2 produced by biological
photosynthesis gradually began to accumulate in atmosphere and
resulted in HGE due to the icehouse effect of O2.

The above interpretation is consistent with the scenario shown
in Fig. 1, in particularly, the worldwide development of voluminous
BIFs in the period of 2.5e2.3 Ga which is termed as the Siderian.

5. Linkage between the GOE and HGE

The tectonic processes and global environmental changes
during the Palaeoproterozoic (2.5e1.6 Ga) have been the focus of
numerous studies in the past decades. Schidlowski et al. (1975,
1976) firstly reported the positive d13Ccarb anomaly in the
Palaeoproterozoic carbonates from Karelia (Russia) and the Fen-
noscandian Shields, as well as in the dolomites with ages of
2.65e1.95 Ga from the Lomagundi Province (Zimbabwe) where
the d13Ccarb values are even up to 12&. They also related this
phenomenon to the oxidation of the atmosphere. However,
this important discovery had been largely neglected for a long
time.

In 1989, the International Commission on Stratigraphy recom-
mended 2.3 Ga to be a defining boundary in the Precambrian
Stratigraphy Chart. Thereafter positive d13Ccarb excursions have
been recognized worldwide in 2.33e2.06 Ga carbonate rocks
(Schidlowski, 1988; Strauss et al., 1992; Karhu, 1993; Karhu and
Holland, 1996; Melezhik et al., 1999b; Bekker et al., 2003a,b;
Bekker et al., 2006; Tang et al., 2011, 2013 and references therein).
Karhu and Holland (1996) reassessed new data for the carbon
isotopic composition of carbonates and paired carbonatesetotal
organic carbon (TOC) deposited in Palaeoproterozoic, and
revealed the very large positive d13Ccarb excursion during
2.22e2.06 Ga. They related the positive d13Ccarb excursion to a rapid
organic carbon deposition which had been globally recognized as
an extensive accumulation of organic matter (Strauss et al., 1992;
Melezhik et al., 1997a, 1999a; Chen et al., 2000; Lai et al., 2012), and
estimated that the associated total excess O2 produced was up to
12e22 times as compared to the present atmospheric O2 inventory.
Consequently, the Palaeoproterozoic worldwide positive d13Ccarb
excursion was suggested as an indicator of the Great Oxidation
Event (GOE) of the atmosphere (Karhu and Holland, 1996). Genet-
ically, the GOE was related to the breakup of the Kenorland/Superia
supercontinent (Bekker and Eriksson, 2003), and to a 2.3 Ga envi-
ronmental catastrophe indicated by the contrasting REE
geochemical signatures between pre- and post-2.3 Ga sediments
(Chen, 1988; Chen and Zhao, 1997; Chen et al., 2000; Tang et al.,
2012).

The timing and extent of early Earth oxygenation are highly
controversial and have been the topics of numerous studies
(Canfield et al., 2000; Kasting, 2001; Canfield, 2005). It is accepted
that the atmosphere and hydrosphere was reducing before 2.45 Ga,
followed by a rapid rise in p(O2) from <10�5 times the present
atmospheric level (PAL) at some time between w2.3 and 1.8 Ga
(Cloud, 1968, 1973; Holland, 1994, 2002; Rye and Holland, 1998;
Kasting and Siefert, 2002). Some indicators (e.g., oxidation state of
palaeosols, occurrence of uranium, and the appearance of red beds)
showed that the level of oxygen in the atmosphere rose between
2.22 and 2.06 Ga from<2� 10�3 atm (1% of PAL) to>0.03 atm (15%
of PAL) (Holland, 1994).

The classic and long-standing model of the 2.3 Ga GOE is
debated in recent studies. Bekker et al. (2004) argued that the rise
of atmospheric oxygen had occurred by 2.32 Ga. They found that
the sulphur isotopic composition of the syngenetic pyrite from the
2.32 Ga organic-rich shales of (Hannah et al., 2004) Rooihoogte
and Timeball Hill formations, South Africa (Fig. 1E), has a wide
range and shows no evidence of mass-independent fractionation.
This indicates that atmospheric oxygen was present at a signifi-
cant level (>10�5 times the PAL) during the deposition of those
units. The presence of rounded pebbles of sideritic iron formation
at the base of the Rooihoogte Formation and an extensive and
thick ironstone layer consisting of haematitic pisolites and oölites
in the upper Timeball Hill Formation also indicate that atmo-
spheric oxygen rose significantly. These units were suggested to
have deposited between the second and third of the three Palae-
oproterozoic glacial events (Fig. 1E). Enrichment of the redox-
sensitive transition metals, such as Mo and Re, in the late
Archaean Mount McRae Shale in Western Australia (Fig. 1G),
together with S-isotope signature, indicates “a whiff of oxygen”
occurred >50 Ma prior to the 2.45e2.32 Ga GOE (Anbar et al.,
2007; Kaufman et al., 2007). Wille et al. (2007) reported rapid
fluctuation of Mo isotopic values in the 2.64e2.5 Ga black shales of
the Ghaap Group (Transvaal Supergroup) and suggested that the
ocean at that time frequently recurred oxygen-free conditions
alternated with cyanobacterial production of oxygen. However,
Mo isotopic data from the Ghaap Group carbonate rocks show an
opposite trend of constancy and support a near-continuous
presence of oxygen, though at lower levels than in the black
shales (Voegelin et al., 2010). The fluctuation of Mo isotopes in the
black shales may rather reflect detrital inputs and concomitant
dilution effects, or redox changes in the depositional environ-
ment, or both, and thereby stressing the basin-scale environ-
mental influences (Voegelin et al., 2010). Cr isotope changes
(another oxygen proxy) from 2.8 to 2.6 Ga BIF indicate a transient
rise in atmospheric and oceanic oxygen, prior to the GOE of
2.45e2.2 Ga (Frei et al., 2009). Eriksson et al. (2009, 2011) argued
that the global change in oxygen levels during 2.4e1.8 Ga is rather
a diachronous than the simple panacea of a universally applied
2.3 Ga GOE.

Both the positive d13Ccarb excursion and the GOE couched at
the Huronian glaciation period. As shown in Fig. 1, all the
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Palaeoproteozoic carbonate rocks with positive d13Ccarb anomaly
(Tang et al., 2011, 2013; and references therein) overlie the glacial
diamictites; whilst the carbonates sandwiched between the second
and third glacial deposits show negative d13Ccarb ratios, e.g., the
Espanola Formation in southern Ontario (Fig. 1B) and the Vagner
Formation in Wyoming (Fig. 1C), and are considered as cap car-
bonates (Bekker et al., 2003a, 2005). Young (2012a) argued that the
Espanola Formationwas probably formed as a result of ponding and
evaporation in a hydrothermally influenced, restricted rift setting,
and listed evidences as the following: (i) the Espanola Formation is
more thicker (ca. 150e600 m) than Neoproterozoic cap carbonates;
(ii) it has a complex stratigraphy and sedimentary structures and
exhibits considerable lateral variability (Bernstein and Young,
1990); (iii) intimate association of carbonates with fine-grained
siliciclastic rocks (siltstones) in the Espanola Formation is
differing from the Neoproterozoic cap carbonates which rapidly
deposited during post-glacial sea-level rise that precluded the
introduction of siliciclastic materials (Hoffman et al., 1998); and (iv)
the strong 18O-depletion in the Espanola Formation carbonates is
consistent with pervasive carbonate recrystallization, element
remobilization, and/or possible hydrothermal alteration (Bekker
et al., 2005; Tang et al., 2013).

Though the timing of atmospheric p(O2) up to 10�5 times of the
PAL was proposed as between the second and third of the three-
episodic Huronian Glaciation Event (Bekker et al., 2004), even
>50 Ma prior to the 2.45e2.32 Ga (Anbar et al., 2007; Kaufman
et al., 2007) or prior to the first Palaeoproterozoic glacial episode
(Wille et al., 2007; Voegelin et al., 2010; Czaja et al., 2012), the
partisan sedimentary evidence supporting the GOE is the world-
wide development of “red beds” (Melezhik et al., 1999b), over-
lapped with the positive d13Ccarb excursion. The Palaeoproterozoic
red beds have been recognized in the Cobalt Group and its equiv-
alents in North America (Young et al., 2001), the Upper Jatulian
Group in Fennoscandian (Melezhik et al., 1997a), The Pretoria
Group and Waterberg Group in South Africa (Eriksson and Cheney,
1992; Eriksson et al., 2011) and other cratons in the world (Chen,
1996). Within the Pretoria Group, the iron colouration is
restricted to matrix material, while in the Waterberg Group, grain
surfaces are stained partially red by iron oxides (Eriksson et al.,
2011).
Figure 3. A summary chart of the env
Integrating the data and interpretations, we consider that the
Huronian Glaciation Event, the positive d13Ccarb excursion, and the
appearance of red beds are significant events that occurred in
younging order with somewhat temporal overlap. These events,
together with other Earth’s superficial changes, resulted from, or
relate to, the GOE which should have commenced earlier than the
HGE, i.e., before 2.3 Ga, and recorded global changes in the atmo-
sphere, biosphere, hydrosphere and lithosphere. However, the
beginning of the GOE has not been well constrained. Here we
propose a two-stage oxygenation model, i.e., the oxidation of the
hydrosphere during 2.5e2.3 Ga and then the oxygenation of the
atmosphere during 2.3e2.2 Ga (Fig. 3).

The Archaean hydrosphere-atmosphere system was well
accepted to be anoxic, although there was minor oxygen resulted
from possibly local biological photosynthesis as revealed by the
studies of S, Mo, Fe and Cr isotopes (Anbar et al., 2007; Kaufman
et al., 2007; Wille et al., 2007; Frei et al., 2009; Voegelin et al.,
2010; Czaja et al., 2012). In reducing hydrosphere, the dissolved
elements (anions or cations) must be present as low valences. For
examples, the Fe, Eu, Mo, Cr and S will be dominated by Fe2þ, Eu2þ,
Mo4þ, Cr2þ and S2�, respectively, rather than by Fe3þ, Eu3þ, Mo6þ,
Cr6þ and S6þ that stably exist in oxidizing environment. It can be
envisaged that a huge quantity of low-valent cations and anions
were accumulated in the hydrosphere during a 2 Ga-long (from
w4.5 to 2.5 Ga) reducing Earth’s evolution. In early stage of the
GOE, i.e., 2.5e2.3 Ga, oxygen generated from biological photosyn-
thesis should be instantly consumed during oxidation of the
accumulated low-valent components, resulting in precipitation as
typically represented by banded iron formations (Fig. 3). After the
oxidation of the majority of the low-valent ions in the oceans, the
O2 produced by biological photosynthesis gradually accumulated in
the atmosphere at expense of CO2, i.e., atmospheric oxygenation
(Fig. 3). Along with increasing O2 in atmosphere, drawdown of CO2
and elimination of CH4, the icehouse effect of O2 cooled the climate
and resulted in the 2.29e2.25 Ga HGE, followed by widespread
deposition of carbonates with positive d13Ccarb anomalies and red
beds during 2.25e2.06 Ga (Fig. 3). Therefore, we suggest that the
GOE mainly occurred in the period of 2.5e2.2 Ga, including the
earlier hydrosphere oxidation stage and later atmosphere
oxygenation stage.
ironmental changes at ca. 2.3 Ga.
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6. Concluding remarks

Palaeoproterozoic glaciogenic diamictite units have been
recognized in the major continents of the world and can be
distinguished between the earlier, locally-developed, pre-2.3 Ga
Duitschland glacial diamictites in South Africa and the globally-
developed, 2.32e2.22 Ga (more concisely, 2.29e2.25 Ga) Huro-
nian Glaciation Event.

The global Huronian Glaciation Event slightly postdated the
widespread deposition of the Siderian banded iron formations,
followed by the development of the carbonate strata with positive
d13Ccarb anomalies and the oldest red beds in each continents,
should be associated with, or could be a result of, the global Great
Oxidation Event. The GOE includes the early-stage hydrosphere
oxidation (2.5e2.3 Ga) and the late-stage atmospheric oxygenation
(2.3e2.2 Ga).

A pre-2.3 Ga reducing hydrosphere prevented atmosphere from
oxygenation, because of the consumption of O2 generated from
biological photosynthesis in the oxidation of Fe2þ and precipitation
of BIFs. After 2.3 Ga, increasing O2 and decreasing CH4 and CO2
cooled the hydrosphere-atmosphere system and resulted in the
global Huronian Glaciation Event. Therefore, removal or drawdown
of reducing components from the system is the prerequisite for a
glaciation event.
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