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Abstract: Pannotia is a hypothetical supercontinent that may have existed briefly during the Proterozoic—
Cambrian transition. Various lines of evidence used to argue for its existence include global orogenesis in
Ediacaran—Cambrian time, the development of Cambrian passive margins and some (but not all) tectonic recon-
structions. Indirect measures used to infer Pannotia’s veracity include pattems of biological diversity, palaeo-
climate, sea level, magmatism and other palacoenvironmental proxies. It is shown herein that neither the direct
records nor the indirect proxies provide compelling support for Pannotia. If thatephemeral contiguous landmass
existed at all, its effects on the broader Earth system are inextricably tied to the more fundamental processes of
Gondwanaland assembly. This perspective emphasizes the remarkable consolidation of Gondwanaland as a
semi-supercontinent within the early stages of the Pangaea cycle. Gondwanaland’s size combined with its
¢. 300 myr longevity might have greater significance for mantle dynamics than the larger, but shorter-lived,

Pangaea landmass.

Despite earlier brief references to ancient continental
landmasses preceding Pangaea (summarized by
Nance et al. 2014), the first serious analysis of Paleo-
zoic or older plate mobilism (Wilson 1966) led to the
conceptofa ‘Wilson cycle’ of oceanic basins opening
and closing through geological history. Given the
vast length of Precambrian time, some researchers
naturally inferred that ancient continent-collisional
sutures are the last remnants of long-vanished oceans
(Dewey and Burke 1973). Although others suggested
less mobilistic Precambrian tectonic regimes (e.g.
McElhinny and McWilliams 1977; Kroner 1981),
exhaustive syntheses of stratigraphic architecture in
well-exposed Precambrian terrains have led to the
dominance of fully mobile plate-tectonic models for
most Proterozoic orogens (e.g. Hoffman 1988).
Fischer (1984) introduced a holistic model of two
Phanerozoic supercycles, including the concept of a
‘Protopangaea’ in latest Precambrian time. Accord-
ing to that model, Laurentia’s rifted passive margins
on nearly all sides (well documented by Stewart
1972) were direct evidence of supercontinental frag-
mentation, followed by a dramatic early Paleozoic
sea-level highstand thought to correspond with a
more active plate-tectonic regime and a broad-scale
greenhouse state of global climate. These attributes
were attested to mirror the Cretaceous world, in con-
trast to periods of supercontinentality (Pangaea, Pro-
topangaea) with more sluggish tectonics, low sea
levels and a broad-scale icehouse state of global cli-
mate. Aside from the global glacial record, however,
many of these inferences rested on predominantly
North American geological records, such as the
level of epicratonic flooding and granite production.

Worsley et al. (1984, 1986) and Nance et al.
(1986) expanded on the theme of Phanerozoic
supercycles to extend Earth's supercontinental his-
tory across billions of years. Although Precambrian
sea levels cannot be ascertained quantitatively by
direct flooding records (due to poorer sedimentary
preservation: see Korenaga et al. 2017), global
peaks in orogenesis were evident from the earliest
compilations of isotopic ages of rocks (e.g. Gastil
1960) and have stood the test of time (see Hoffman
1989; Puetz et al. 2018). Speculative correlations
between putative Precambrian supercycles and
global climate, as well as biological evolution,
were permissible in the 1980s according to the rel-
atively lax temporal control on the latter phenom-
ena. Despite a subsequent renaissance in U-Pb
geochronology (reviewed by Kamo et al 2011;
Mattinson 2011), substantial uncertainties in those
deep-time environmental and evolutionary records
still remain and preclude definitive links to global
tectonism.

In the same year as the presentation of the Fischer
(1984) and Worsley et al. (1984) hypotheses,
advances in guantitative sedimentary basin analysis
permitted Bond et al. (1984) to refine the age of
rift—drift transitions along the peri-Laurentian mar-
gins, as well as some other localities around the
world, in earliest Cambrian time. They suggested
that Laurentia broke out of a latest Precambrian
supercontinent as those rifted margins were estab-
lished. It was recognized that a contiguous landmass
of supercontinental proportions might be feasible if
Laurentia, Baltica and Gondwanaland were united
(Fig. 1a). Of course, such a notion is possible only
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Fig. 1. Altemative palacogeographies proposed for 550 Ma. (a) Pannotia reconstruction of Dalziel and Dewey (2019)
showing Laurentia conjoined with Gondwanaland immediately prior to the opening of the Iapetus Ocean. The
palacomagnetic discordance illustrated in this model was noted by those authors. (b) Palacogeographical model
produced by the author in collaboration with Bruce Eglington (colours correspond to present continental associations)
showing several Gondwanaland-closing oceanic tracts (e.g. Pinjarra, Kuunga—Zambezi-Damara, Clymene and
Puncoviscana) coexisting with Iapetus; Pannotia does not exist in this model preferred herein. Abbreviations: A,
Australia; AA, Antofalla-Arequipa; AM, Amazonia; B, Baltica; C, Coats Land; CO, Congo; CU, Cuyania; EA, East
Avalonia; EANT, East Antarctica; EM, Ellsworth Mountains; In, India; K, Kalahari; L, Laurentia; LF, Lafonian
microplate; RP, Rio Plata; SF, Sio Francisco; WA, West Avalonia; WAF, West Africa.

if Gondwanaland itself were tectonically coherent
prior to the earliest Cambrian rifting.

Whether an Ediacaran—Cambrian supercontinent
existed depends crucially on the timing of Gondwa-
naland assembly. Referring to the widespread Neo-
proterozoic—Cambrian orogens across present-day
Africa (the so-called ‘Pan-African belts’ of Kennedy
1964) in addition to any possible conjoined neigh-
bouring cratons including Laurentia, Williams
et al. (1991) postulated a hypothetical landmass at
¢. 600 Manamed ‘Pan-Africaland’. Because orogens
of similar age are found throughout the southemn-
hemisphere descendants of Gondwanaland, Stump
(1987) coined the more inclusive name ‘Pannotios’
for that orogenic network (notios = ‘southern’ in
Greek, thus ‘all southern’). Using this terminology
(Powell 1995), Pannotia is now recognized as the
name of the hypothetical supercontinent that would
have included a united Gondwanaland plus enough
additional cratons to warrant supercontinental status.

As Nance and Murphy (2019) have pointed out,
how one defines a supercontinent is of obvious
importance when deciding whether Pannotia quali-
fies for such distinction. Possible defining factors
include size/area, longevity or a combination of
those effecting significant influence on the broader

Earth system. If considered alone, the former factor
(size or area) gives some guidance via historical
usage: Pangaea is the archetypal supercontinent,
whereas Gondwanaland cannot then be considered
at the same hierarchical level because it is a compo-
nent of Pangaea. Meert’s (2012) minimum threshold
of 75% extant continental crust assembled at a given
age would permit this established dichotomy. Alter-
native measures of size, including the perimeter/
area ratio (Merdith et al. 2019), also distinguish
Gondwanaland from Pangaea, albeit with a continu-
ous transition through the Paleozoic rather than any
discernible threshold. Longevity by itself cannot
qualify a craton for supercontinental status (e.g.
Slave Craton, home to the world’s oldest rock, is
clearly too small), but a combination of longevity
with areal extent that is substantially larger than all
present continents may exert profound influence par-
ticularly on mantle convection. This topic will be dis-
cussed further, below.

The central question regarding the existence of
Pannotia as a supercontinent, then, is whether a land-
mass of sufficient size and/or longevity to exert
influence on the broader Earth system existed near
the Ediacaran-Cambrian boundary. Evidence will
be marshalled from: (1) the palacogeographical/
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tectonic record of that specific time interval; (2) indi-
rect or proxy records of a broader Earth history that
have been used to represent supercontinentality at
various ages; and (3) possible links between Earth’s
surface tectonics and the machinations of its deep
interior. This review takes the stance of a prosecu-
tion: Pannotia is charged with the most serious
crime imaginable, that of masquerading its very exis-
tence through the imperfect lens of obsolete or
incomplete geological records, blurry geochronol-
ogy and ambiguous interpretation of geological cau-
sality from temporal coincidence.

Palaeogeography

Attempts to define the configuration of a late Prote-
rozoic supercontinent began in the 1970s. Piper
(1974, 1976) was the first to attempt palacomagnetic
reconstructions, following an initial earlier sugges-
tion (Piper et al. 1973), with the following features:
Gondwanaland largely intact; Laurentia adjoined to
the Nubian margin of Africa; Baltica adjacent to
Greenland; and evolution of these elements towards
Pangaea being accommodated mainly by sinistral
transform tectonics. Piper’'s (1974, 1976) models
eventually incorporated the suggestion by Sears and
Price (1978) that Siberia once lay adjacent to Lauren-
tia’s present western margin. The first palacomagnet-
ists to suggest large-scale crossings of wide Paleozoic
oceans were Morel and Irving (1978), who intro-
duced ‘PangeaE’ atc. 600 Ma in reference to the pro-
posed subsequent mid-late Paleozoic evolution of
what they named ‘Pangea D-A’.

In contrast to these models positing Laurentian
pre-lapetus connections with various margins of
Africa, Eisbacher (1985) and Bell and Jefferson
(1987) proposed west Laurentian late Neoprotero-
zoic connections with Australia, which would
inspire the SWEAT (SW US-East Antarctica)
hypothesis (Moores 1991) and now-classic notions
of Rodinia (Dalziel 1991; Hoffman 1991). Even
though present-day western Laurentia experienced
initial extension during Tonian time (Stewart 1972;
Harlan et al. 2003), significant margin-wide tectonic
subsidence did not commence until the Ediacaran—
Cambrian transition (Bond ef al. 1983). In principle,
if the “inside-out’ model of Rodinia-Gondwanaland
transition (Hoffman 1991) is followed, an interven-
ing Pannotia supercontinent is possible if Gondwa-
naland assembled prior to either of the western or
eastern Laurentian rift separations. In practice, how-
ever, ever since Bond ef al. (1984) presented their
terminal Proterozoic supercontinent reconstruction,
palacogeographers have considered the western Lau-
rentian (proto-Cordilleran) Tonian rifting to be ‘suc-
cessful’ in early ocean opening (although doubt
remains on this point: e.g. Nelson et al. 2020), and

thus the most commonly hypothesized Pannotia
palaecogeography entails the enduring connection of
eastern Laurentia with South American cratons.

A note on nomenclature: McMenamin and
McMenamin (1990) coined ‘Rodinia’ as the super-
continent that ‘begat’ (from Russian rodif) other con-
tinents via break-up near the Proterozoic-Cambrian
boundary. Scon thereafter, Hoffman (1991)
acknowledged that many of the Cambrian passive
margins had origins as mid-Neoproterozoic rifts,
and recognized that the preceding interval of ‘Gren-
villian® (late Mesoproterozoic) orogenesis was likely
to have assembled the supercontinent; thus, he used
the name ‘Rodinia’ as it is now widely recognized:
the alleged supercontinent formed by early Neopro-
terozoic time, and beginning to break up in the mid-
Neoproterozoic. Young (1995) suggested that Hoff-
man'’s (1991) terminology had strayed from the orig-
inal definition of McMenamin and McMenamin
(1990), and that the early Neoproterozoic supercon-
tinent should be given a separate name (he coined
‘Kanatia’). The supercontinent name ‘Pannotia’
derives from Powell’s (1995) critical comment on
Young's (1995) paper, following the etymology
described above with the additional relevance
not only that Gondwanaland-forming orogens exist
throughout today’s southern continents, but also
that the ancient landmass reconstructs mainly within
southern palaeolatitudes in earliest Cambrian time.
Regardless of the merits of Young's (1995) argu-
ments, Rodinia and Pannotia are now deeply
entrenched in the literature as the mid- and latest-
Neoproterozoic  (hypothetical)  supercontinents,
respectively.

The most recent iterations of Pannotia’s palaeo-
geography, among those that permit existence of
an Ediacaran—Cambrian supercontinent (e.g. Dalziel
and Dewey 2019), preserve the essential elements of
the Bond ef al. (1984) reconstruction: Laurentia and
Baltica are juxtaposed against the Amazonian Cra-
ton, the latter already attached to a coherent Gond-
wanaland assemblage (Fig. la). Such a model
permits chronological testing of Pannotia’s existence
by comparing the ages of lapetus rifting with Gond-
wanaland assembly. To wit: Pannotia in the standard
palaeogeographical sense is plausible only if lapetus
opened after Gondwanaland became united. The fol-
lowing paragraphs test this prerequisite condition by
exploring those records in detail.

Gondwanaland assembled through a spectacular
set of collisional orogens through the Neoprotero-
zoic—Cambrian transition (Oriolo er al. 2017,
Schmitt et al. 2018). Many of these belts are polyoro-
genic, with ages of deformation as old as ¢. 700 Ma
and as young as ¢. 500 Ma. The timing of collision
within many orogens is controversial, but only
those with possible Cambrian ages of suturing are
described here (Fig. 1b).
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The Kuunga Orogeny was originally defined as a
peak in magmatic and deformational ages specifi-
cally around the Proterozoic—Cambrian boundary
interval in eastern Africa, and is now more broadly
located between India, Sri Lanka, East Antarctica
and westernmost Australia (summarized by Meert
2003; Boger 2011). Although largely under cover
of Phanerozoic sedimentary basins, the Indian
Ocean, or the Antarctic ice cap, the Pinjarra orogen,
recently referred to as ‘Kuunga’, contains sporadic
but compelling records of early Cambrian deforma-
tion, metamorphism and magmatism in those regions
(e.g. Halpin et al. 2017; Markwitz et al. 2017,
Daczko et al. 2018; He et al. 2018; Grantham et al.
2019; Mulder et al. 2019; Clark et al. 2020). Possible
continuation of a Kuunga-aged suture into Madagas-
car, either in its southwestern region (Boger er al.
2015, 2019) or eastern areas (e.g. Armistead ef al.
2020), is debated (Tucker et al. 2014; Zhou et al.
2018).

Masterful reviews of the Damara Belt
(Goscombe er al. 2017, 2018) and the Zambezi oro-
gen (Goscombe er al. 2020) document terminal
collision of the Congo and Kalahari cratons com-
mencing around 550 Ma and continuing into early
Cambrian time. This relatively young suture proba-
bly continues southwestwards through the Gariep
and Saldania belts rather than northwestwards
through the Kaoko orogen (Lehmann et al. 2016;
Konopisek et al. 2020).

One of the more contentious debates concerning
the age of a Gondwanaland-forming collision sur-
rounds the accretion of the Amazonian Craton,
which was traditionally considered to be an early
Ediacaran event (Cordani er al. 2009). However,
Cambrian ages for significant remagnetization and
vertical-axis rotations (Tohver er al. 2010) and
foreland-basin sedimentation (McGee et al. 2015,
2018) in the Paraguay Belt support the alternative
notion of a hypothesized Clymene Ocean separating
Amazonia from other Gondwanaland cratons until
closure around 530 Ma (Trindade ef al. 2006). One
could argue that the Paraguay Belt is more akin to
Mediterranean-style tectonism involving slab roll-
back across remnant ocean basins following an ear-
lier continent—continent collision (Murphy e al
2020), so investigation of the adjacent but poorly
exposed Araguaia Belt (and its likely continuation
into the Rokelide Belt of West Africa) is of para-
mount importance in the debate (Cordani et al
2013; Tohver and Trindade 2014). Recent geochro-
nology of the Araguaia Belt suggests earliest Cam-
brian ages for late- to post-orogenic magmatism
(Alves et al. 2019; Gorayeb et al. 2019) and Late
Cambrian ages for post-orogenic exhumation (Dias
et al. 2017), thus further supporting the Clymene
Ocean concept and the late timing of Amazonia’s
accretion to Gondwanaland.

Independent of the tectonostratigraphic records
from Gondwanaland-forming orogens, a common
palacomagnetic apparent polar wander (APW) path
for all of Gondwanaland is feasible throughout the
early-middle Cambrian interval (Meert and Van der
Voo 1996; McElhinny et al. 2003; Mitchell et al.
2010; Rapalini 2018). This permits the possibility
that Gondwanaland was fully or nearly assembled
by earliest Cambrian time (within palacomagnetic
resolution); however, unquantifiable palacolongitude
uncertainties in palaeomagnetic reconstructions also
permit the possibility of subsequent suturing between
constituent cratons regardless of their APW concor-
dance. Late Ediacaran palaeomagnetic records, glob-
ally, seem to document a rapidly reversing and,
perhaps, unstable geomagnetic field (Meert ef al
2016; Pavlov et al. 2018), perhaps coincident in
time with substantial true polar wander (i.e. shift of
the entire mantle plus overlying plates relative to the
core and spin axis) that could be undersampled by
studies of individual cratons (Robert er al. 2017).
Thus, palacomagnetism is less definitive than the
orogenic record on the timing of Gondwanaland-
forming collisions. In summary for Gondwanaland
assembly, then, it appears that several important oro-
gens remained actively shortening, and quite possi-
bly continuing to close significant expanses of
ocean basins, into early Cambrian time.

The second part of Pannotia’s palacogeographi-
cal prerequisite concerns the opening of the lapetus
oceanic tract between Laurentia, Baltica and Amazo-
nia. Despite revision to the Cambrian chronostrati-
graphic timescale in the mid-1990s, tectonic
subsidence curves were defined mainly with biostra-
tigraphic age constraints; thus, the extrapolated ini-
tial rift ages for lapetus margins remained around
earliest Cambrian time (Bond 1997). Further assess-
ment of the timing for [apetus rifting has been convo-
luted with data from palaeomagnetism and tectonic
reconstructions: for example, Cawood et al. (2001)
suggested that a mid-Ediacaran stage of initial rift-
ing between Laurentia and Amazonia (based on
one interpretation of palaeomagnetic data) preceded
a second-stage separation (based on subsidence
curves) of a ribbon-like microcontinent or terrane
into the already-widened lapetus Ocean tract. As
noted above, however, mid-late Ediacaran palaeo-
magnetic data are notorious to interpret. The idea
of an already-wide lapetus Ocean tract between Lau-
rentia and West Gondwanaland cratons, into which
various terranes rifted subsequently during the Edia-
caran—Cambrian transition, has proliferated (Chew
et al. 2008; Escayola et al. 2011; Casquet et al.
2012; Rapela et al. 2016). In fact, if Amazonia
is considered as one of these ‘terranes’ then the
aforementioned Clymene Ocean could itself be a
kind of ‘Palaeo-lapetus’ in the same relationship to
lapetus (sensu stricto) as the generations of the
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Palaeo-Tethys, Neo-Tethys and Indian oceans inter-
rupted by numerous successive northward crossings
by continental fragments (Dewey et al. 1988). Amid
all these uncertainties, the only way that Pannotia is
plausible in its standard palacsogeography is for all
of the early stages of rifting along the proto-lapetan
margin to have ‘failed’ prior to successful opening
of the seaway in earliest Cambrian time, and for
proposed subduction relicts within that realm (e.g.
Escayola ef al. 2011) to require reinterpretation.

Summary of palaeogeography

The Pannotia hypothesis in its current form juxta-
poses Laurentia and Baltica with Amazonia, and
thus requires lapetan rifting to follow Gondwanaland
assembly. If interpreted at the extremities of their
uncertainties, and under favourable tectonic interpre-
tations for the hypothesis, the available chronologi-
cal constraints from these regions barely permit
Pannotia to exist as a fleeting entity during late Edi-
acaran—early Cambrian time. Does such a tightly
constrained geological window permit Pannotia to
have profound effects on the broader Earth system?
The following sections will evaluate that manner
of claims.

Biological diversity

Very early in the consideration of Wilson cycles,
Valentine and Moores (1970) introduced a thought-
provoking hypothesis of supercontinental tectonics
and animal evolution through the Phanerozoic.
They proposed that supercontinental fragmentation
should enhance evolutionary vicariance: that is,
diversification within increasingly isolated biogeo-
graphical realms (Fig. 2a). By contrast, superconti-
nental amalgamation should promote extinction via
competitive intermingling of those clades. At the
time, the Phanerozoic fossil record showed smoothly
varying diversity trends in broad accordance with the
notion of a latest Precambrian supercontinent that
broke up and reassembled to form Pangaea. Subse-
quent analysis and refinement of the global chrono-
stratigraphic timescale emphasized the importance
of episodic mass extinctions imparting pronounced
asymmetry to family-level diversity curves (Raup
and Sepkoski 1982), but the broad Phanerozoic
cycles could still be distinguished. A closer investi-
gation into the nature of these fluctuations, however,
reveals that the aggregate family-level curve con-
tains nuances that may be difficult to reconcile
with a putative two-supercycle history of Phanero-
zoic evolution (Sepkoski 1984). As shown in
Figure 3a, the total diversity curve can be segregated
into three broad associations of fauna, with distinct
logistic curve progressions punctuated by

mass-extinction perturbations. Both the ‘Cambrian’
and ‘Paleozoic’ fauna followed more complete logis-
tic functions with both initial exponential rise and
steady decline; whereas the ‘Modem’ association
shows mainly an exponential rise with relative
immunity to the end-Permian mass extinction. This
pattern suggests that the two-peaked summation of
these curves actually superimposes somewhat inde-
pendent subsets; and of those three subsets, only
the ‘Paleozoic’ association shows a weak similarity
to the two-cycle Phanerozoic idealization. Recently,
Zaffos et al. (2017) recapitulated the conclusions of
Valentine and Moores (1970) and linked faunal
diversity to a novel ‘fragmentation index’ of conti-
nental palasogeography, with modest but temporally
robust rank-order correlation factors that, notably,
dwindled when Cambrian—Ordovician data were
included. Using a separate dataset mainly from
China, spanning Cambrian—Triassic time, Fan er al.
(2020) found no such correlation; this is unsurprising
since the strength of the Zaffos er al. (2017) correla-
tion derives mainly from substantial rises in both
diversity and continental fragmentation beginning
in Jurassic time.

Suggestions that Pannotia assembly coincided
with great extinctions of clades, such as declining
stromatolites and acritarchs (Nance and Murphy
2019), are fraught with uncertainties of imprecise
taxonomy and interpretation in the former case (Rid-
ing 2011), and uneven preservation potential in the
latter instance (Cohen and Macdonald 2015). The
decline in stromatolites appears to span the entire
Neoproterozoic Era (Awramik and Sprinkle 1999,
Peters et al. 2017) rather than a brief fall during Pan-
notia's alleged Ediacaran assembly and tenure.

Proponents of early Paleozoic supercontinental
break-up may link the Cambrian radiation of animals
and the ensuing Great Ordovician Biodiversification
Event to increased evolutionary vicariance across
post-Pannotia continental shelves (Fig. 2a). How-
ever, there is increasing recognition that the great
spread of animal diversity had evolutionary roots
deep within Ediacaran time (Erwin ef al. 2011),
including numerous fundamental developments of
body plans dated by phylogenetic analyses and
molecular clocks (e.g. dos Reis er al. 2015)
(Fig. 3a). Most of the recent discussion on early ani-
mal evolution focuses on oxygenation of the Neo-
proterozoic ocean (e.g. Cole er al. 2020), with
global tectonics playing at most an indirect role. It
has been proposed that Cambrian eustatic transgres-
sion created abundant ecological niches for rapid
animal radiation (Peters and Gaines 2012).
Enhanced global weathering at the Ediacaran—Cam-
brian transition may have delivered more Ca”* ions
(and other nutrients) to the oceans, altering the satu-
ration state and promoting biomineralization among
distinct animal clades (Brennan et al. 2004), but such
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Fig. 2. Traditional notions of two Phanerozoic supercycles. (a) Modified from Valentine and Moores (1970),
schematic illustration of terminal Proterozoic supercontinent break-up, reassembly into Permian-Triassic Pangaea
(jagged lines mark collisional sutures) and fragmentation into the present continents; superimposed upon a
family-level diversity curve for Phanerozoic macrofauna. (b) Alternating idealized palaeoclimate states (I, icehouse;
G, greenhouse) with schematic indications of global temperature (blue, glacial; red, extraordinarily warm). (¢) Two
first-order sea-level curves (dark and light blue) based primarily on continental flooding records. (d) Abundance curve
of North American granites. (b)—(d) are from Fischer (1984) with appropriate references therein. Note that the name
‘Pannotia” was coined after the initial construction of these diagrams.

a process could well be attributed to the profundity of
Gondwanaland-forming orogenic climax (Squire
et al. 2006) rather than continental fragmentation.

Summary of biological diversity

Different associations of major animal fossil groups
exhibit logistical functions of growth that are not
well correlated to proposed supercontinental cycles.
Phylogenetic diversification of major animal clades
occurred substantially prior to a putative Pannotia
break-up event. The role of supercontinental connec-
tivity in shaping animal diversity, especially in the
Paleozoic, is tentative.

Palaeoclimate

By the late 1970s, Earth’s pre-Pleistocene glacial
record was fully catalogued (Hambrey and Harland
1981), and it was recognized that ice ages have
recurred several times in the last billion years.
Fischer (1981, 1984) recognized that greenhouse
forcing by atmospheric carbon dioxide should be
linked to global fluctuations in plate tectonics via
changes in the rate of volcanic outgassing: enhanced
plate tectonic activity would lead to warmer climate.
Nance et al. (1986) and Worsley ef al. (1986) also
recognized the importance of global carbon burial
that should be enhanced by a high-freeboard super-
continent, promoting glaciation at the nadir of the
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points with tie lines for the maximum equatorward extent of low-altitude glacial deposits (including glaciomarine
facies that might be far removed from the ice sheets) from Evans (20034, b). (c) Estimates of past sea-level changes.
Sequence-stratigraphic or back-stripped estimates of younger epochs from Arabia (Haq and Al-Qahtani 2005) and
New Jersey, USA (Miller et al 2005). Paleozoic modelling (Algeo and Seslavinsky 1995) utilizes altemative
‘analogues’ for continental hypsometry based on modern elevation profiles. The Sauk transgression of Laurentia is
stylized from the records depicted in Miller ez al. (2005). Sr isotopic data converted into a proxy for sea level
generates a continuous curve (van der Meer et al. 2017). (d) Relative frequency (red) of a spatially filtered, global
U-Pb age database in 30 myr bins (Puetz ef al. 2018); and inferred areal extents (brown) of continental LIPs

(Ernst et al. 2020) (notable events are named or abbreviated as in the text; filled boxes represent the portions of areas

exceeding 1 x 10° km?),

climatic cycle. A summary illustration of the concept
is shown in Figure 2b, with alternating intervals of
so-called greenhouse (‘G’) and icehouse (‘I") climate
states. Within the early Paleozoic broad interval of
greenhouse conditions, the ephemeral end-Ordovi-
cian ice age stood out as an anomaly.

The fundamental causes of ice ages in Earth his-
tory remain contentious, with some groups favouring
atmospheric carbon dioxide sinks, mainly through
silicate weathering, as playing the predominant role
(Macdonald er al. 2019), others emphasizing

variations in the sources via volcanic outgassing
(McKenzie et al. 2016) and some models suggesting
a time-varying shift in dominance between those two
processes (Mills ef al. 2019). In an idealized super-
continental cycle, both processes can act in concert:
assembly and highstanding supercontinental exis-
tence could promote CO, drawdown and glaciation,
whereas advanced stages of break-up and rapid drift
of isolated continental fragments could promote CO,
outgassing and warm climates. A complicating fac-
tor is that emplacement of large igneous provinces
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(LIPs) during rifting might produce an ephemeral
warming via outgassing, followed by more enduring
basalt weathering, CO, sequestration and, thus, cool-
ing in the supercontinental fragmentation stage
(Donnadieu er al. 2004; Cox et al. 2016).

The geological history ofice ages through the last
billion years has become more finely tuned since ini-
tial development of broad-scale supercontinental
models of the 1980s (Fig. 3b). Cryogenian glacia-
tions are now known to have encroached well into
tropical palaeolatitudes, and latest iterations of the
Snowball Earth model highlight the profound differ-
ences between a nearly 60 myr-long Sturtian ice age
(Rooney et al. 2014) v. a short-lived but equally
severe Marinoan glacial spell (for review of both,
see Hoffman et al. 2017). With ages between 717
and 635 Ma, Cryogenian glaciations are confidently
dated to the tectonically overlapping intervals of
Rodinia break-up and early Gondwanaland amal-
gamation, significantly older than any purported
Pannotia tenure. Mid-late Ediacaran ice ages exist
(e.g. Gaskiers, Luoquan) but are less common, and
of unknown palaeogeographical extent (Evans and
Raub 2011).

Paleozoic glacial centres across Gondwanaland
tracked the south pole as that continent drifted
between latest Ordovician and early Permian time
(Caputo and Crowell 1985; Evans 2003a). Rather
than occurring in widely separated late Ordovician
and late Paleozoic episodes, ice ages through that
interval are now recognized in more of a continuum
of consistently cool climates with only a brief mid-
Devonian respite (Boucot er al. 2013). Figure 3b
shows the palaeolatitude extent of ice sheets and gla-
ciomarine deposits through time. Instead of icehouse
states corresponding strictly with the Pangaean inter-
val, the Gondwanaland glacial epoch largely pre-
ceded Pangaea’s apex in development.

Summary of palaeoclimate

Initial suggestions that climates of the last 600 myr
correlated to two climate supercycles are now con-
sidered obsolete due to refined chronostratigraphy.
Ice ages can occur at any stage of a supercontinental
cycle as long as atmospheric CO, and effective solar
radiation are reduced, by a variety of processes.

Sea level

Fischer (1981, 1984)utilized contemporary compila-
tions of Phanerozoic continental flooding to infer
prominent Cretaceous and early Paleozoic eustatic
highstands. Complementary to late Precambrian
and late Paleozoic lowstands, these records sug-
gested two Phanerozoic ‘supercycles’ and the notion
of a pre-Pangaea supercontinent (Fig. 2c).

Quantifying this inference with a model of sea
level responding to young and shallow oceanic
basins replacing old and deep basins upon supercon-
tinental break-up, Worsley et al. (1984, 1986) and
Nance et al. (1986) were able to explain first-order
features of the flooding records.

As pointed out by Hallam (1992), in order to
calculate past global sea levels from flooding records
one must assume an average hypsometry of con-
tinents. Even modest variations in the assumed con-
tinental hypsometric analogue produce highly
discrepant sea-level curves (Algeo and Seslavinsky
1995) (Fig. 3c). Furthermore, the analysis is sensi-
tive to the weighting of various cratonic records;
regional variations can be deflected by regional sub-
sidence or dynamic topography (Conrad 2013) or
global-scale quadrantal patterns of true polar wander
(Wegener 1929, pp. 176-177; Mound and Mitrovica
1998). As an example of the former, note the
stark contrast between flooding records of Arabia
(Haq and Al-Qahtani 2005) v. New Jersey, USA
(Miller er al. 2005). As for the latter, the prominent
Cambrian Sauk transgression across Laurentia is
less noteworthy on other cratons (Algeo and
Seslavinsky 1995) (Fig. 3c) and is, perhaps,
explained in large part by an early Cambrian inertial
interchange true polar wander event (Mound ef al.
1999).

Additional methods to calculate Phanerozoic sea
level have arisen in recent years. Utilizing a global
plate reconstruction model and an associated syn-
thetic topography/bathymetry, Verard er al. (2015)
computed global sea level for the last 600 myr. The
method avoids the pitfalls of continental flooding
records as noted above, but it relies heavily on esti-
mated bathymetries of the Panthalassan Ocean
basin surrounding the Paleozoic continents; the
resulting sea-level curves are highly sensitive to
such assumptions (Rowley 2008; Conrad 2013; Wil-
liams er al. 2020). The use of marine strontium iso-
topes as a proxy for global continental emergence
and, thus indirectly, sea level (van der Meer et al.
2017) is replete with numerous assumptions as
duly noted by its practitioners; nonetheless, the
method generates a more muted Paleozoic sea-level
highstand than the traditional flooding-derived
curves (cf. Figs 2¢ & 3c).

Amid all the uncertainties regarding Phanerozoic
sea-level variations, there does appear to be a prom-
inent Triassic lowstand that might have been caused
fundamentally by the existence of Pangaea, with the
ensuing Jurassic-Cretaceous transgression caused
by the initiation of Atlantic seafloor spreading.
Whether that model translates to the early Paleozoic
is less certain: different global sea-level models place
a transgression either before, during or after the early
Cambrian break-up age of a putative Pannotia
landmass.
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Summary of sea level

When assessing compilations of sea level through
the past 600 myr, care must be taken to ensure the
global scope of the constituent records and the
assumptions inherent to the various methods. Cur-
rent evidence for a sea-level proxy record of Pannotia
and its break-up is not as strong as it appeared in the
1980s.

Global magmatism

Initial notions of two Phanerozoic supercycles were
bolstered by the tectonic proxy of granite ages,
which showed two prominent peaks that mirrored
the sea-level curves (Fig. 2d) and were interpreted
in the context of enhanced global kinematics accom-
panying supercontinental break-up (Fischer 1981,
1984). However, the widely illustrated granite-age
curve (Engel and Engel 1964) derives exclusively
from North America. The prominent Paleozoic
peak from that dataset almost certainly reflects the
dominance of ages from the Appalachian orogen,
which represents serial subduction-zone magmatism
within the single lapetus—Rheic oceanic tract that
closed to form Pangaea (Hibbard er al. 2006). In
general, global zircon peaks are more cogently asso-
ciated with enhanced preservation potential in colli-
sional settings (Cawood ef al. 2013). When a more
recent, spatially binned, global U-Pb age dataset is
consulted (Puetz er al. 2018), the aforementioned
Paleozoic peak largely disappears (Fig. 3d). The
global U-Pb record does show a pronounced
increase of ages through the late Neoproterozoic
interval, which is likely to document the formation
of Gondwanaland via a series of collisions culminat-
ing in Cambrian time (Schmitt ef al. 2018). Such a
profound peak in magmatism and uplift of a
‘super’ mountain chain (Squire ef al. 2006) represent
a first-order feature of global tectonics, regardless of
whether Laurentia and Baltica were attached to the
rapidly assembling Gondwanaland amalgam.
Proponents of a Pannotia supercycle point to sev-
eral episodes of Ediacaran—Cambrian magmatism in
defence of a supercontinental influence on mantle
convection (Murphy er al. 2020). A complete read-
ing of the global record of LIPs (Emst et al. 2020),
however, shows their Paleozoic abundance to be
much less than that related to Pangaea break-up
(Fig. 3d). The two pulses of Central lapetus Mag-
matic Province (CIMP) and magmatism in the Okla-
homa aulacogen, all crucial to the hypothesis of
lapetus rifting as the break-up phase in a post-
Pannotia supercycle, are diminutive when compared
to the Mesozoic LIPs. Among the three sizable
early-middle Paleozoic LIPs (Kalkarindji, Kola-
Dniepr and Vilyui: Fig. 3d), the former was marginal

to the Gondwanaland amalgam (in northem Austra-
lia) and the latter two were emplaced on smaller
blocks (Baltica and Siberia, respectively) that appear
to have no relationship to any major continental
fragmentation. The end-Permian Siberian traps are
spatio-temporally embedded within the marginal
and final stages of Pangaea’s amalgamation.

Summary of global magmatism

Despite previous depictions of a bimodality in Phan-
erozoic magmatism through time, which were biased
towards just the North American record, updated
global compilations of magmatism instead empha-
size the profound influence of Gondwanaland’s Neo-
proterozoic—Cambrian assembly (from zircons) and
Mesozoic break-up (from LIPs).

Mantle dynamics

The idea that a supercontinent may influence mantle
convection (Holmes 1929; Anderson 1982) first
received modemn quantitative physical support by
Gurnis (1988). Since then, more sophisticated com-
putational models have explored geophysical param-
eter space with increasing realism of Earth-like
values. Note the physical distinction between two
related processes: thermal insulation by thick con-
tinental lithosphere and thermal isolation of underly-
ing mantle from cooling by subducted slabs.
Numerical models of thermal influence by a super-
continental lid now usually incorporate both of
these processes acting in tandem. Some models advo-
cate for timescales as short as 50 myr for the develop-
ment of upwelling beneath a supercontinent (Zhong
et al. 2007), whereas other models require 100 myr
or longer for development of a ¢. 50°C thermal anom-
aly (Yoshida 2013) or ¢. 100°C anomaly (Rolf et al.
2012) with high sensitivity to convective vigour of
the underlying mantle (Heron and Lowman 2014).
In defending a mid-Ediacaran age for Pannotia
assembly, which could permit its existence for as
much as ¢. 50 myr prior to lapetan rifting, Nance
and Murphy (2019) and Murphy eral (2020) asserted
that the timing of collisional onset, rather than termi-
nation, is most relevant to mantle geodynamics. The
logic is based on the recognition of Mediterranean-
style slab rollback into remnant ocean basins follow-
ing major ‘head-on’ collisions between continents,
and is applied to various Gondwanaland-forming oro-
gens as described above. It is true, in this author’s
opinion, that Mediterranean-style orogenesis may be
underappreciated in deep-time tectonics; however, a
four-dimensional perspective on these modern sys-
tems illustrates the prevalence of actively subducting
slabs throughout the orogenic region (Wortel and
Spakman 2000) for as long as tens of millions of
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years after the initial collision. Thereafter, slabs will
continue to sink slowly into the mantle (van der
Meer et al. 2018) beneath the newly formed (super)
continent, postponing further (of the order of c.
100 myr) any deep-mantle isolational thermal effects
that the landmass may have.

The radiogenic effects of continental collision, in
the sense of a thermal lid developing above the site of
former subduction, may begin to accumulate from the
onset of slab breakoff or detachment. Insofar as slab
breakoff may generate local asthenospheric upwell-
ing and elevated surface topography due to isostatic
rebound, the stratigraphic record of slab detachment
is likely to be a suite of post-collisional magmatism
(Davies and von Blanckenburg 1995) and molasse
sedimentation (Sinclair 1997). Where preserved,
the molassic units across most of the Gondwanaland
orogens are Cambrian rather than Ediacaran in age
(Squire et al. 2006) and are replete with geon-5 detri-
tal zircons from late-orogenic granitoid source areas
(Veevers 2017). Thus, post-collisional slab breakoff
was largely a Cambrian phenomenon through much
of the Gondwanaland region.

Given these constraints, it is highly unlikely that
the mantle effects of Gondwanaland assembly could
have induced rifting in the lapetan realm, as pro-
posed by Murphy er al. (2020). lapetus Ocean open-
ing, which is one of the classic hallmarks of a
Pannotia break-up phase in an alleged superconti-
nental cycle (Nance and Murphy 2019), is simply
too close in age to the Gondwanaland collisions
and slab breakoff events. (In the converse sense,
however, lapetus opening may have caused some
Gondwanaland orogens to close shortly thereafter,
via immediate plate reorganization: Grunow ef al.
1996.) Heron et al. (2020) developed mantle convec-
tion models based on the kinematic reconstructions
of Merdith et al. (2017) for Neoproterozoic—Paleo-
zoic time, and Matthews et al. (2016) for the interval
410 Ma-present. Although they label the Laurentia—
Siberia—Baltica—Amazonia amalgam ‘Pannotia’,
those connections were inherited from Rodinia;
such a definition strays from traditional notions of
the supercontinent, which should include a united
Gondwanaland. Still, one may ask whether this are-
ally reduced landmass could have influenced mantle
circulation. Heron et al. (2020) do find modest
increases in basal mantle heat flux and plume cover-
age at about 550 Ma (although not as large as those
accompanying Pangaea break-up), but the palaeo-
geographical distribution of modelled plumes fol-
lows a similar global pattern to those of preceding
time intervals accompanying Rodinia break-up.
Thus, the alleged Pannotia influence on convection
could be interpreted instead as the final stage of a
protracted Rodinia-induced mantle structure.

The thermal effects of Gondwanaland assem-
bly were probably not realized until at least

mid-Paleozoic time, and perhaps not fully until the
Mesozoic. It remains conceivable that some early—
middle Paleozoic intraplate magmatism around the
margins of Gondwanaland could relate to the effects
of reorganized subduction geometry following its
Cambrian amalgamation (Murphy ef al. 2020), and
that the edge effects of continental lithosphere on
regional-scale mantle circulation may even have
induced rifting of ribbon-like fragments such as the
Appalachian and Tethyan terranes; but only the post-
Cambrian instances of these can be plausibly linked
to large-scale Gondwanaland assembly.

Summary of mantle dynamics

Even considering the most favourable geochrono-
logical interpretations of tectonic events for the Pan-
notia hypothesis, the vertical transit times of sinking
slabs and rising mantle plumes are too long to sup-
port the idea that lapetus rifting was an immediate
geodynamic consequence of Gondwanaland assem-
bly. Even if a Pannotia landmass existed briefly, as
an entity of its own, it probably had little influence
on mantle convection. Longer-lived Gondwanaland,
however, may have exerted a profound influence on
mantle dynamics.

Additional proxies

Bradley (2011) discussed a wide range of possible
proxy records of supercontinentality, ranging from
tectonics and geophysics to geochemistry, mineral
deposits and palacoclimate. Many of these were
additionally discussed by Nance er al (2014),
Pastor-Galdn et al. (2018) and Nance and Murphy
(2019). Among those not already noted above in
the historical development of Phanerozoic super-
cycles, additional proxies are grouped below by: (i)
those related directly to late Neoproterozoic global
orogenesis and hypothesized post-Pannotia break-up
in the early Paleozoic; and (ii) palaesoenvironmental
proxies with indirect links to global tectonics:

(i) Most proxies related to late Neoproterozoic
global orogenesis are adequately explained by
profound collisional tectonism accompanying
Gondwanaland amalgamation. An abundance
of high-pressure and high-temperature meta-
morphic terrains within Neoproterozoic oro-
gens (Brown 2007) indicates continental
collisions under a variety of thermal regimes,
but does not specify whether a full-scale super-
continent formed at that time. Anomalously
high ratios of *’Sr/*Sr in Ediacaran marine
carbonates are attributed to the predominance
of continental weathering during late Neopro-
terozoic collisions (Goddéris ef al. 2017) but
also not explicitly requiring Pannotia’s
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existence. Intriguingly, E”Sr/ 86Sr ratios decline
through Paleozoic time, such that Pangaea’s
tenure coincides with some of the least radio-
genic values of the last 600 myr. As noted by
Halverson et al. (2007), the marine strontium
isotopic record may be sensitive to particular
geographical distributions of juvenile and
evolved orogens, in ways that might be difficult
to generalize. The hafnium isotopic composi-
tion of magmatic zircons shows similar trends
to the marine strontium record, with the most
evolved continental signal corresponding to
Gondwanaland assembly (Collins er al. 2011),
and this is also attributed to particular geome-
tries of subduction and collision relative to
other continental assemblages (Spencer et al.
2013). As with strontium, there is a stark con-
trast in hafnium isotopic values between end-
Neoproterozoic and end-Paleozoic orogenic
stages, emphasizing their non-equivalence and
negating any straightforward interpretation of
two Phanerozoic supercycles. Other geochemi-
cal records of zircon show similarly incompat-
ible trends between those two eras (Spencer
et al. 2014; Van Kranendonk and Kirkland
2016).

Perhaps the most directly telling proxy for
a full-fledged supercontinental break-up event
would be a global peak in passive margins.
If Pannotia and Pangaea were considered
to be distinct supercontinents with intervening
break-up and assembly phases, then one
would expect the aggregate length of passive
margins to increase dramatically in early Paleo-
zoic time. Indeed, the Cambrian passive mar-
gins around Laurentia (Stewart 1972) were
among the first evidence marshalled for an end-
Proterozoic supercontinent.

Considered globally, however, the increase
in passive-margin length begins in mid-Neo-
proterozoic time, with only a modest subsidiary
peak at the dawn of the Paleozoic (Bradley
2008). The passive-margin proxy, therefore,
emphasizes Rodinia and Pangaea break-up,
concordant with the global LIP record as
noted above — but not Pannotia.
Palaeoenvironmental proxies, reflecting atmo-
spheric or oceanic biogeochemical trends, usu-
ally have multiple interpretations. Although
Campbell and Allen (2008) correlated a Neo-
proterozoic rise in atmospheric oxygen with
the formation of Gondwanaland (thus consid-
ered by some as a proxy for Pannotia super-
continent formation), such an increase is itself
based on geochemical proxies that need to
be evaluated in their own right. The most
recent compilations of these proxies note their
limitations and distinct applications to the

atmosphere and various depths of the global
ocean (Cole et al. 2020; Tostevin and Mills
2020), and point to a prolonged interval of
oxygenation that presently lacks the temporal
resolution to be ascribed confidently to any
particular global tectonic regime. The sulfate
isotopic record of seawater shows a pro-
nounced Neoproterozoic—Cambrian peak and
steady decline through the Paleozoic (Och
and Shields-Zhou 2012; Algeo er al. 2015).
Nance and Murphy (2019) suggested that a
supercontinent should be marked by low **S
values of seawater, due to isotopically heavy
sulfur sequestered in evaporites, but the marine
348 record is more sensitive to variations in the
efficiency of pyrite burial (due to its stronger
‘lever’ with highly negative values), and the
record is difficult to interpret due to a complex
interplay between oxygenation and cycling of
carbon, iron and sulfur (Berner 2006). In any
case, much like the strontium and hafnium iso-
topic trends described above, the nearly mono-
tonically decreasing Paleozoic sulfate record
argues against an equivalence of Pannotia and
Pangaea. Finally, the *C record of marine car-
bonates has comparably complex associations
with supercontinentality (Worsley and Nance
1989). Although the late Neoproterozoic
Shuram negative 13C excursion has been high-
lighted as an example of extreme carbon-cycle
perturbation commensurate with superconti-
nent formation (Nance and Murphy 2019), it
occurred within a milien of extraordinarily
large carbon isotopic varations throughout the
Ediacaran—Cambrian interval, with a variety
of proposed causes and interpretations (e.g.
Boyle et al. 2018; Cui et al. 2018; Shields
2018; Hoffman and Lamothe 2019). If tectonic
forcin% is identified as a contributing factor to
large °C excursions (e.g. the weathering of
Tonian evaporites in Gondwanaland-forming
orogens for the Shuram event: Shields er al.
2019), then merely a prominent set of collisional
belts with appropriate lithologies can suffice to
generate the signal — but not necessarily the
assembly of a complete supercontinent.

Summary of additional proxies

Although Nance and Murphy (2019, p. 76) wrote
that ‘the proxy signals for the existence of an Edia-
caran supercontinent are unmistakable’, it is argued
here that those proxies can adequately apply to the
latest Neoproterozoic—Cambrian assembly of Gond-
wanaland, without requiring a full-fledged Pannotia
supercontinent, or are ambiguous with respect to
supercontinental cycles. It could be argued that
the strength of the Pannotia proxy record is
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collective, in that each item could have its flaws but
together the evidence favours an Ediacaran—-Cam-
brian supercontinent. In rebuttal, this review sug-
gests that the proxies for continental amalgamation
indeed provide a strong collective argument for the
fundamental global significance of Gondwanaland
assembly; but the proxies for early Paleozoic conti-
nental fragmentation are too weak to provide such
a rationale.

Discussion: semi-supercontinents and global
cycles

In the hierarchy of ancient landmasses, Gondwana-
land must be considered as a subset of Pangaea.
Because Pangaea is the type example of a ‘supercon-
tinent’, there should be a suitable term for Gondwa-
naland as an exceptionally large continental plate.
Evans et al. (2016) coined the term ‘semi-
supercontinent’ on the recognition that Gondwana-
land’s area was roughly half that of Pangaea.
Given that Gondwanaland is an essential component
of hypothetical Pannotia: if Pannotia were to have
existed, then it would have hierarchical status com-
parable to that of Pangaea. The Siberian Craton’s
exclusion from Pannotia is similar in stature to the
exclusion of East Asian blocks from Pangaea
(Torsvik and Cocks 2017), and by itself would not
compromise Pannotia’s hierarchical status as a
supercontinent — if it existed.

Gondwanaland endured as a giant continental cap
over the mantle between Cambrian and Jurassic
time, a period of more than 300 myr. By contrast,
Pangaea only lasted for about 120 myr at most (Tors-
vik and Cocks 2017). Gondwanaland's thermal
effects on the underlying mantle would be more sig-
nificant if it had remained stationary during its ten-
ure. If the substantial Paleozoic apparent polar
wander of Gondwanaland (Meert ef al. 1993; McEl-
hinny er al. 2003 )is interpreted predominantly as the
record of large-scale true polar wander (Evans 1998),
then the interior sub-Gondwanaland mantle would
have been devoid of subducted slabs for sufficient
time to influence first-order global convection pat-
terns. According to this view, addition of Laurasia
to form Pangaea (via predominant transform motion
along Gondwanaland’s northern margin: Domeier
2016) might be considered as a mere addendum to
the convective legacy already established by the
aging semi-supercontinent (Evans 20035b). Insofar
as global peaks in continental rift length (Merdith
et al. 2019) and LIPs (Emst er al. 2020) reflect
major episodes of mantle upwelling, the extraordi-
nary Mesozoic fragmentation of Gondwanaland is
unique to Phanerozoic time (Fig. 3d) and may
divulge the importance of that semi-supercontinent’s
longevity in geodynamic terms.

Conclusions

When considering both direct palacogeographical
evidence and various indirect or proxy records for
supercontinents, there appears to be no strong case
for Pannotia. One might rightly ask, however, if
there is a strong case for the non-existence of Panno-
tia? Since the nuances of proxy records are now bet-
ter appreciated than when the concept of two
Phanerozoic supercycles were first introduced in
the 1980s, we tum to the direct evidence in terms
of the global orogenic and taphrogenic history of
collisional and break-up events through the Neopro-
terozoic—Cambrian transition. Such history indi-
cates that Gondwanaland amalgamation was very
likely to have completed its assembly in Cambrian
time. The magmatic and passive-margin records of
early Paleozoic time are minor when compared to
the preceding interval of Rodinia fragmentation
and the extensive Mesozoic plume-rift systems
that dismembered Pangaea. Transit times of slabs
and upwellings through the mantle are so slow
that Gondwanaland assembly could not have caused
Iapetan rifting via convective overturn, Gondwana-
land’s effects on mantle circulation were only real-
ized later, perhaps as small marginal magmatic
events along its periphery but most spectacularly
in the form of Mesozoic LIPs and rifts that
ended the Gondwanaland—Pangaea supercontinent
cycle.

Global tectonic/geodynamic episodicity of the
last billion or more years consists of the following
rounded intervals in broad terms: Rodinia supercon-
tinental assembly (1100-900 Ma), Rodinia tenure
(900-800 Ma), Rodinia break-up (800-650 Ma),
Gondwanaland semi-supercontinental assembly
(650-500 Ma), Pangaea supercontinental assembly
(500-300 Ma), Pangaea tenure (300-200 Ma), Pan-
gaea break-up (200-50 Ma), and the imminent
assembly of future semi- and complete superconti-
nents around Eurasia (since 50 Ma). Proxy records
of global tectonism can be explained suitably by
this history. There is no pre-Pannotia assembly
phase distinct from the well-accepted orogenic amal-
gamation of Gondwanaland, and there is no global-
scale post-Pannotia break-up event. This prosecution
therefore declares Pannotia guilty of a masqueraded
existence.
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