
to possible break-up of the supercontinent. Dyke swarms occur in
the 1.38e1.24 Ga period across many continents (e.g. Ernst et al.,
2008 and references within; Hou et al., 2008b; Zhang et al.,
2009b; Goldberg, 2010; El Bahat et al., 2012; Puchkov et al., 2013).
These include large swarms such as theMacKenzie dyke swarm that
are advocated as plume-related (Hou et al., 2008b). Earlier mafic
intrusions are also found across many cratons of variable age, for
example in South America at 1.59,1.5 and 1.4 Ga (Bispo-Santos et al.,
2012; Silveira et al., 2013; Teixeira et al., 2013), at 1.5 Ga in South
China (Fan et al., 2013), at 1.46 Ga in India (Pisarevsky et al., 2013),
and at 1.45 Ga in Baltica (Lubnina et al., 2010). Although, the con-
tinents record various episodes of mafic magmatism typically
related to extensional tectonics, it is not clear that these provide
evidence for break-up of the supercontinent Columbia. Some ex-
amples of the dykes, for example the 1.3e1.2 Ga dykes in Southwest
Baltica, have been studied geochemically and isotopically, and
interpreted as manifestations of active margin tectonics (Söderlund
et al., 2005). These mafic intrusions thus relate to extensional tec-
tonics associatedwith a convergentmargin; themafic dyke swarms
may represent extension of brittle crust, whereas volcanosedi-
mentary basins closer to the inferred convergent margin are

interpreted as reflecting extension in warmer more mobile crust
(Roberts et al., 2011). Another example where the dyke swarm is
hypothesised to be unrelated to amantle plume and supercontinent
break-up is the Sudbury dyke swarm in Laurentia (Shellnutt and
MacRae, 2012). Thus, many dyke swarms that occur towards
craton margins rather than deep interiors may also be a conse-
quence of plate-margin related processese and not to the break-up
of the supercontinent. The extent of this across the temporal and
spatial range of dykes within Columbia remains to be investigated.

The evidence for break-up based on dyke swarms suggests
rifting and extension throughout most of Columbia’s lifespan. As a
continental rift matures, it will eventually lead to passive margin
sedimentation on its flanks. The record of passive margins
throughout earth history has been investigated by Bradley (2008,
2011), and is shown in Fig. 4. Passive margin abundance is very
lowduring Columbia’s tenure, and start dates that would record the
rifting of continents are non-existent until one at 1.25 Ga in North
Laurentia and three at 1.0 Ga in East Baltica and South Siberia that
coincide with Rodinia formation. This line of evidence suggests that
Columbia didn’t break-up into dispersed continents, as this would
produce a large increase in passive margins.

Figure 1. Palaeogeographic reconstructions of Columbia in the 1.7e1.5 Ga timeframe, after Piper (2013b), Yakubchuk (2010), Zhang et al. (2012) and Kaur and Chaudhri (2013). The
subduction margin in C and D shows the approximate location of 1.8e1.3 Ga accretionary belts.
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Pannotia 
ca. 590 Ma 

Rodinia 
(ca. 900 Ma) 

Columbia (Nuna) 
(ca. 1.7-1.5 Ga) 

Rainbird et al. 2012 

Zhang et al. 2012 

(Cordani et al. 2003)  



1. Paleomagnetic Data 

•   Permissive of an Ediacaran supercontinent but by no means conclusive   

Comes from the two sources upon which the existence of past supercontinents usually hinge 

2. Absolute Age Constraints 

•   Suggest breakup was well underway before the supercontinent was fully 
   assembled 



Merdith et al. (2017) 

600 Ma 

600-580 Ma 580 Ma 

Cordani et al. (2003) Rino et al. (2008) 

540 Ma 

Meert and Lieberman (2004) 

•   Some reconstructions broadly 
   supportive of Pannotia, others 
   are more equivocal 

   Data for Ediacaran sufficiently 
   uncertain that Pannotia cannot 
   be verified paleogeographically 



     1. Timing of Orogenesis 

•   Timing of Pan African-age orogenesis, though to have been responsible for 
   the assembly of Pannotia, spans the interval ca. 650-550 Ma based on age 
   of orogenic magmatism, collisional metamorphism and detrital zircon and 
   monazite in modern African rivers 

      2. Timing of Breakup 

•   Time span entirely encompasses 625-555 Ma 
   breakup interval documented by Bond et al. 
   (1984) on basis of tectonic subsidence curves 
   for early Paleozoic passive margins in North 
   and South America, Australia and Middle East 

   Pannotia ephemeral if it existed at all 
Bond et al. (1984) 



1. Timing of Orogenesis 

•   Timing of continental collision, and hence supercontinent amalgamation, is 
   recorded by the onset of collisional orogenesis rather than its termination 

•   Bulk of Pannotia was likely assembled by ca. 620 Ma 

2. Timing of Breakup 

•   Changes to time scale since Bond et al. (1984) revise breakup interval to 
   605-520 Ma 

•   Revised timing permissive of a short-lived supercontinent at ca. 620-580 Ma. 

age data is not as damning as it might appear 



•   Within context of the supercontinent cycle, supercontinents mark the end 
   of one cycle and the beginning of next and their recognition can be taken 
   beyond paleomagnetic reconstructions to include a wide variety of proxies 

•   Proxies for supercontinent assembly and breakup include: 

•   Global-scale orogeny and granitoid magmatism 
•   Detrital zircon and monazite peaks 
•   Ultrahigh P and ultrahigh T metamorphism 
•   Major changes in climate, atmospheric composition, ocean chemistry 
   and sea level 
•   Major extinctions and biotic radiations 
•   Reversals in crustal recycling 
•   Widespread continental rifting, mafic dike swarms and LIPs 
•   Extensive passive margin development 

•   Applied to the Ediacaran, proxy signals for Pannotia are unmistakable 



   Since supercontinent assembly requires continents to collide an obvious 
   proxy for their amalgamation is world-wide orogeny. 

•   For Pannotia, the orogeny was one of the largest in Earth history – the Pan 
   African-Cadomian-Baikalian (Timanide), collisional belts of which date to 
   650-550 Ma 

Murphy et al. (2018) 

Proxy = Global Orogeny 



  Amalgamation coincides with peaks in detrital zircon/monazite ages – 
  document increased continental arc activity and granitoid magmatism 

  Widespread extreme (ultrahigh P/ultrahigh T) metamorphism 

•   All are hallmarks of the Ediacaran 

Proxy = Zircon Age Distribution and Extreme Metamorphism 

from being efficiently removed to the surface (e.g.
Anderson 1982; Gurnis 1988; Lowman & Jarvis
1999; Coltice et al. 2009; Ganne et al. 2016). As
the effects of such insulation increase with continen-
tal area, they are most evident during periods of
supercontinent amalgamation. Whether continental
insulation is sufficient to cause the eventual break-up
of supercontinents is debated (e.g. Lenardic et al.

2005; Korenaga 2007; Heron & Lowman 2011,
2013; but see Ganne et al. 2016), but the mantle
heat trapped in this way would be expected to
cause epeirogenic uplift (e.g. Guillaume et al.
2016) as the supercontinent becomes thermally
buoyed. As a result, global sea-level should fall sig-
nificantly (Fig. 5), major extinction events might be
expected with the loss of shallowmarine habitats and

Fig. 2. Secular trends in detrital zircon ages, granulite facies thermal gradients, passive margin development,
normalized seawater 87Sr/86Sr and mean initial εHf and average δ18O in detrital zircons from recent sediments
compared with the tenures (shaded intervals) of various proposed pre-Pangaean supercontinents (from Hawkesworth
et al. 2016 and references cited therein). HP, high pressure; UHP, ultra-high pressure; UHT, ultra-high temperature.

R. D. NANCE & J. B. MURPHY

 by guest on March 2, 2018http://sp.lyellcollection.org/Downloaded from 

from being efficiently removed to the surface (e.g.
Anderson 1982; Gurnis 1988; Lowman & Jarvis
1999; Coltice et al. 2009; Ganne et al. 2016). As
the effects of such insulation increase with continen-
tal area, they are most evident during periods of
supercontinent amalgamation. Whether continental
insulation is sufficient to cause the eventual break-up
of supercontinents is debated (e.g. Lenardic et al.

2005; Korenaga 2007; Heron & Lowman 2011,
2013; but see Ganne et al. 2016), but the mantle
heat trapped in this way would be expected to
cause epeirogenic uplift (e.g. Guillaume et al.
2016) as the supercontinent becomes thermally
buoyed. As a result, global sea-level should fall sig-
nificantly (Fig. 5), major extinction events might be
expected with the loss of shallowmarine habitats and

Fig. 2. Secular trends in detrital zircon ages, granulite facies thermal gradients, passive margin development,
normalized seawater 87Sr/86Sr and mean initial εHf and average δ18O in detrital zircons from recent sediments
compared with the tenures (shaded intervals) of various proposed pre-Pangaean supercontinents (from Hawkesworth
et al. 2016 and references cited therein). HP, high pressure; UHP, ultra-high pressure; UHT, ultra-high temperature.

R. D. NANCE & J. B. MURPHY

 by guest on March 2, 2018http://sp.lyellcollection.org/Downloaded from 

Hawkesworth et al. (2016) 



Proxy = Geochemical Trends 

Amalgamation may also correspond to negative εHf values in zircons 
(indicating enhanced crustal recycling) and elevated δ18O values (indicating 
reworking of sedimentary material) 

•  Especially true of the Ediacaran – consistent with continental collision and 
  crustal thickening of supercontinent assembly 

Hawkesworth et al. (2016) 
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   Supercontinents correspond to periods of very low global sea level – their  
   epeirogenic uplift likely a consequence of continental insulation (traps mantle 
   heat) and the formation of a slab graveyard (fosters mantle upwelling)  

•   True for Pangea and also the case for the Ediacaran 

Proxy = Sea Level 

Pangea Pannotia 



   Amalgamation often coincides with climatic deterioration due to drawdown 
  of atmospheric CO2 through enhanced chemical weathering of orogens of 
  supercontinent assembly and an epeirogenically uplifted supercontinent 

•   Ediacaran changes to environment among most profound in Earth history 

•   Two major glaciations, the Marinoan (>639-635 Ma) and the Gaskiers (ca. 
   580 Ma) coincide with assembly of Pannotia and onset of its rifting 

Proxy = Climate Change 
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Proxy = Extinctions 

Amalgamation also tends to coincide with major extinctions, in part as a 
consequence of low sea level and the loss of shallow marine habitat 

•   True for Pangea and also the case for the Ediacaran, which witnessed a 
   decline in stromatolites and extinctions among acritarchs and palynoflora 

Pangea 

Pannotia 

   Mya    

End-Permian 

Sepkoski (1990) 



Since supercontinent breakup requires continents to rift an obvious proxy lies 
in evidence for mafic dike swarms and LIPs 

•   For Pannotia, widespread continental rifting at 620-530 Ma is documented 
   by mafic dyke swarms (notably in Laurentia and Baltica) and by the Central  
   Iapetus Magmatic Province (615-530 Ma) and Wichita LIP (540-530 Ma) 

Mafic Dike Swarms and LIPs 

CIMP 
(Ernst 2014) 

MAFIC DIKES, WICHITA MTS 
(Hansen et al., 2016) 



Supercontinent breakup coincides with onset of major rise in global sea 
level and accompanying passive margin development in response to thermal 
subsidence of dispersing continental fragments coupled with increased ridge 
volume due to opening of new ocean basins (e.g. Iapetus) 

•   True of Pangea in Mesozoic and also for Pannotia in early Paleozoic   

Sea Level 
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Hawkesworth et al. (2016) 
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Breakup tends to coincide with climatic warming due to a progressive buildup 
of atmospheric CO2 in response to decreased continental weathering with sea 
level rise and consequent continental flooding 

•   Just as Mesozoic (following Pangea breakup) was a period of greenhouse 
   climate, so too was the Early Paleozoic (following Pannotia breakup) 

Proxy = Climate Change 
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Craig et al. (2009) 



Proxy = Evolutionary Radiation 

Breakup also coincides with major evolutionary radiation, in part as a 
consequence of rising sea level and creation of new shallow marine habitat 

•   True for Pangea in the Mesozoic and also the case for Pannotia – breakup 
   followed by Cambrian explosion (appearance of most major animal phyla) 

   Mya    

Sepkoski (1990) 



Pannotia breakup accompanied by a variety of geochemical proxies: 

•   Abrupt rise in the sea water 87Sr/86Sr ratio (and 
   negative εNd excursion), suggesting erosional 
   release to oceans of radiogenic strontium 
   from weathering of uplifted supercontinent 

•   Sharp rise in atmospheric O2 levels, possibly 
   due to enhanced marine productivity resulting 
   from an increase in the erosional release of 
   nutrients  

•   Largest negative δ13C anomaly in Earth history 
   (Shuram at 560-550 Ma), suggesting even larger 
   reorganization of Earth’s carbon cycle than that 
   which accompanied recovery from end-Permian 
   extinction following amalgamation of Pangea 
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the largest of these, characterized by carbon isotopic values as light 
as −12‰ (considerably lighter than the input and output fluxes 
commonly used to constrain isotope mass balance1), with values 
less than −6‰ persistent across hundreds of metres of stratigraphic 
thickness and representing a duration of probably greater than 
5 Myr28,32–34. Negative excursions of similar magnitude have been 
discovered in several other basins including the western United 
States35–37, South China38–40 South Australia41, suggesting a primary 
global event. If primary, the SE would be special for several reasons: 
first, its magnitude and apparent duration require explanations 
that differ substantially from the behaviour of the modern carbon 
cycle (for example, ref. 9); second, the SE has elicited broad use as 
an Ediacaran chronostratigraphic marker17,32,33,37,42–44; third, several 
hypotheses link the SE to a putative stepwise increase in the redox 
potential of ocean basins that influenced the early evolution of mac-
roscopic animals and algae2,40,45,46.

To elaborate on this latter point, the results from models of car-
bon cycle dynamics suggest that extreme carbon isotope excursions 
could occur under the conditions of strongly differentiated ocean 
reservoirs9; the SE may have been caused by oxidation of a deep-
ocean reservoir charged with dissolved organic carbon2,13 (DOC). 
The demise of this oxygen-limited ocean may have stimulated 
development of macroscopic metazoans2 because oxygen availabil-
ity has long been regarded as a key factor in the Cambrian radiation 
of animals16.

The interpretation of the SE as a record of primary seawater com-
position has, however, been challenged. Owing to its great magnitude 
the SE was initially evaluated with appropriate caution and diagenetic 
alteration was invoked28. (Diagenesis includes those post-deposi-
tional processes that involve fluid–rock interaction, such as lithifi-
cation, recrystallization and loss of primary porosity.) Diagenetic 
amplification of initially 13C-depleted values also was advocated in 
subsequent re-evaluation of the SE47. This was followed by a wave of 

interpretation favouring a primary origin of the SE associated with 
explanations centred on modes of carbon cycling that are uncharac-
teristic of the modern Earth2,32,33,38,40. Most recently, the hypothesis 
that diagenesis could explain the SE has resurfaced48,49.

Despite its potential significance, the genesis of the SE remains 
unresolved. It is not yet clear whether this extraordinary signal rep-
resents a milestone in Earth’s environmental evolution, or merely 
the local expression of carbon recycling during the conversion of 
sediment to rock. What is clear, however, is the growing set of obser-
vations that must be accounted for in any interpretation, including 
its magnitude, which is unrivalled in the subsequent record of Earth 
history, and its unique occurrence at this geologic time.

Geologic context of the Shuram excursion
The key observations that must be accounted for in any explana-
tion of the SE include: (1) magnitude, which typically ranges down 
to −12‰ from previous values as high as +6‰; (2) stratigraphic 
asymmetry, marked by a rapid drop in δ13Ccarb values followed 
by a more gradual recovery; (3) small point-to-point differences 
between isotope ratios of successive stratigraphic samples; (4) strati-
graphic position, sandwiched between Marinoan glacial deposits 
and Ediacaran macrofossils; (5) inferred long duration represented 
by hundreds of metres of shallow marine strata; 6) the general lack 
of time series covariation of carbonate carbon (δ13Ccarb) and organic 
carbon (δ13Corg); and (7) a strong correlation between δ18Ocarb and 
δ13Ccarb in many sections.

The SE is best represented by four key stratigraphic sections 
including the Nafun Group of Oman2,28,32,33, the Wonoka Formation 
of South Australia41, the Doushantuo Formation of South China39,40 
and the Johnnie Formation of the Death Valley region, California35–37; 
these sections offer independent relative chronologic constraints 
that alleviate the circularity imposed by using the SE itself to estab-
lish correlations. The SE is constrained in age to postdate strata 
containing Marinoan glacial deposits, including cap carbonates 
(~630 Myr ago), and predate Ediacaran macrofossil-bearing strata 
and/or the Precambrian/Cambrian boundary (542  Myr ago). In 
South Australia and Death Valley, strata containing the SE are over-
lain by strata containing Ediacaran soft-bodied macrofossils35,41,50. 
In Oman, strata that postdate the SE contain skeletal fossils of the 
Cloudina association25.

A large number of additional globally dispersed sections (Fig. 2) 
have been correlated with the SE (Fig.  3). Although they share a 
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Figure 3 | Magnitude and asymmetry of SE. Data from four key sections 
(Shuram Formation, Oman2; Wonoka Formation, South Australia41; 
Duoshantuo Formation, South China40; Johnnie Formation, southeast 
California37) are superimposed and normalized to the thickness of the SE in 
Oman using δ13C zero crossings.

Figure 2 | Palaeogeographic map (600 Myr ago) showing global 
distribution of the SE. Key sections for the SE are indicated by filled circles 
(S, Shuram; W, Wonoka; D, Doushantuo; J, Johnnie), and the position of 
other potential sections that may correlate with the SE are shown as open 
circles. Am, Amazonia; Au, Australia; Av, Avalonia; Ba, Baltica; Co, Congo; 
I, India; K, Kalahari; La, Laurentia; S, Sahara; Si, Siberia; SC, South China; 
WA, Western Australia. Data from ref. 95.
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Ediacaran proxies for the amalgamation and breakup of a supercontinent are 
unmistakable and collectively provide strong support for existence of Pannotia 

Ramifications: 

•   Breakup of Rodinia was not followed by the assembly of Pangea but by the 
   assembly of Pannotia and Iapetus was a consequence of Pannotia breakup 
   not the tail end of Rodinia breakup  

•   It was Pannotia, not Gondwana, that was formed by Pan African orogenesis 
   and Gondwana only came into existence with the breakup of Pannotia at the 
   dawn of the Paleozoic  

•   Gondwana was never a supercontinent in the context of the supercontinent 
   cycle because it formed as a consequence of breakup, not assembly, and its 
   own breakup coincides with that of Pangea 


