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The mid-Proterozoic (ca. 1850-850 Ma) is a peculiar period of Earth history in many respects: ophiolites
and passive margins of this age are rare, whereas anorthosite and A-type granite suites are abundant;
metamorphic rocks typically record high thermobaric (temperature/pressure) ratios, whereas ultrahigh
pressure (UHP) rocks are rare; and the abundance of economic mineral deposits features rare porphyry
Cu-Au and abundant Ni-Cu and Fe-oxide Cu-Ag (IOCG) deposit types. These collective observations have
been used to propose that a stagnant-lid, or single-lid, tectonic regime operated at this time, between
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Proterozoic geological record, we not only assess the viability of the single-lid hypothesis for each line
of evidence, but also that of the plate tectonic alternative. We find that evidence for the single-lid
hypothesis is equivocal in all cases, whereas for plate tectonics the evidence is equivocal or supporting.
We therefore find no reason to abandon a plate tectonic model for the mid-Proterozoic time period.
Instead, we propose that the peculiarities of this enigmatic interval can be reconciled through the
combination of two processes working in tandem: secular mantle cooling and the exceptionally long
tenure and incomplete breakup of Earth’s first supercontinent, where both of these phenomena had a
dramatic effect on lithospheric behaviour and its resulting imprint in the geological record.

© 2022 British Geological Survey (c) UKRI 2022. Published by Elsevier B.V. This is an open access article

under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The modern Earth exhibits plate tectonics, but this may not
have always been the case. There continues to be great debate over
the age of onset of plate tectonics, and whether it has operated
continuously since formation of the first crust, or was presaged
by some other type of tectonic behaviour. In the modern “mobile
lid” or plate tectonic geodynamic mode, plate movements at the
Earth’s surface are strongly coupled to mantle convection. Other
modes of mantle convection suggested to occur on other planets
and moons, however, do not involve the surface layer and are thus
termed “stagnant-lid” or “sluggish-lid” (Stern et al., 2018). Whether
Earth had such a geodynamic regime soon after its formation, or
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if it experienced a return to such a state after plate tectonics had
been initiated, remains an open and much-debated question.
Perceived to be characterized by a “boring billion” years of cli-
matic stasis (Holland, 2006), the mid-Proterozoic (ca. 1.85-0.85 Ga)
is an interval of geological time that is clearly peculiar, and thus
presents a likely candidate for a potential respite from plate tec-
tonics in Earth history. The Earth’s tectonic mode during the Meso-
proterozoic (the era from 1.6 to 1.0 Ga that comprises most of the
informal mid-Proterozoic time interval) has been questioned re-
cently, with hypotheses including “orogenic quiescence” (Tang et
al.,, 2021; Zhu et al., 2022) and “single-lid tectonics” (Piper, 2013;
Stern, 2020). Other researchers recognize mild tectonic reorgani-
zation between the supercontinents Columbia (a.k.a. Nuna) and
Rodinia (Roberts, 2013; Ernst et al, 2016), and a different style
of hot and thin orogenesis (Spencer et al., 2021), but do not ques-
tion the vitality of orogenesis nor the plate tectonic regime during
this time. Thus, the most basic and pressing question is to assess
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whether the most extreme of these hypotheses - a temporary re-
turn to single-lid (or ‘stagnant-lid’) tectonics - can be refuted or
not. Then, and only then, can arguably more elaborate hypotheses
regarding the mid-Proterozoic be postulated.

Here, based on the backdrop of recent studies, we take an iter-
ative approach to hypothesis testing to explain the mid-Proterozoic
geological record. As we define them, we test two hypotheses - the
first, that plate tectonics existed throughout the mid-Proterozoic,
and the second, a single-lid model. The appeal of the plate tec-
tonic hypothesis is its consistency with subsequent geologic history
and known, uniformitarian processes. The appeal of the single-lid
hypothesis is both its mechanistic simplicity and its potentially
unique ability to explain the aberrations of the mid-Proterozoic
geological record. Ultimately, after assessing different lines of evi-
dence from the extant geological record, we offer a synoptic view,
that in our opinion offers the best explanation for the style of mid-
Proterozoic tectonics.

2. Methods

Each mid-Proterozoic dataset will be examined within the con-
text of both hypotheses. It is debatable which should be regarded
as a “null” hypothesis: on the one hand, the null hypothesis may
be the simplest single-lid hypothesis as recently proposed for mid-
Proterozoic time (Stern, 2020); on the other hand, as most geolo-
gists would agree that plate tectonics has been operational since
at least late Neoproterozoic time (Hamilton, 1998; Stern, 2005; Ca-
wood et al., 2006), it may also be regarded as the null hypothesis
on the grounds of uniformitarianism. We therefore entertain both
hypotheses and assess which explanation is most compelling. Af-
ter doing so for each individual dataset, we finally synthesize the
individual assessments to produce a coherent collective tectonic
interpretation.

3. Results
3.1. Paleomagnetism and continental drift

Paleomagnetism offers a quantitative test of plate tectonics.
The paleomagnetic database of robust mid-Proterozoic poles is
constantly growing (Evans et al, 2021), with some cratons such
as Baltica and Laurentia having several robust poles, while oth-
ers such as Kalahari still have few poles constraining their posi-
tion. The current dataset for the mid-Proterozoic interval allows
for broad paleogeographic reconstructions of the assembly and
breakup of the Columbia (e.g., Elming et al., 2021) and Rodinia
supercontinents (e.g., Evans, 2021). However, because several cra-
tons are lacking robust poles, it is not possible to reconstruct the
complete configuration of Columbia, and several cratons have de-
bated positions (e.g., Evans, 2021; Elming et al., 2021). Despite this,
there is some consensus as to the relative configuration of the core
cratons of Laurentia, Baltica, Siberia and those of proto-Australia
through the Columbia to Rodinia supercontinent cycle. Other cra-
tons such as Amazonia are debated, with some models having it
located within the core of Columbia adjacent to Baltica - the South
AMerica - BAltica (SAMBA) connection (Johansson, 2009; Zhang et
al., 2012; Bispo-Santos et al., 2020); whereas alternative models
have it excluded from Columbia (Pisarevsky et al., 2014; Elming et
al.,, 2021).

We reconstruct the Columbia supercontinent and its transition
to Rodinia in Fig. 1a. The broad timing of the different phases
of the Columbia-Rodinia supercontinent transition are taken as
such: Columbia assembly lasted from 1.9 to 1.6 Ga, ending with
the suturing of Australia to western Laurentia (present-day coordi-
nates) at around 1.6 Ga (e.g., Pourteau et al., 2018; Volante et al,,
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2020); Columbia breakup initiated after 1.35 to 1.3 Ga, with proto-
Australian cratons drifting northward from Laurentia (Pisarevsky et
al., 2014; Elming et al., 2021; Kirscher et al., 2021); and Rodinia
assembly initiated by 1.2 Ga (Spencer et al., 2017). This was fol-
lowed by the 1.1-0.95 Ga final transition from Columbia to Rodinia,
that was at least in part accomplished by the ~90° clockwise rota-
tion of Baltica (= Amazonia and West Africa) relative to Laurentia,
and their subsequent collision in a new configuration along the
Grenville-Sveconorwegian-Putamayo-Sunsas belt (Johansson, 2009;
Cawood et al, 2010; Evans, 2013; Martin et al., 2020). The ex-
act timing of the rotation of Baltica with respect to Laurentia is
poorly constrained (e.g., Cawood et al,, 2010), but paleomagnetic
data limit it between 1.12 Ga and 0.99 Ga (Salminen et al., 2009;
Swanson-Hysell et al., 2019). Although the use of low quality pa-
leomagnetic data with a loose age criterion (4 200 Ma) has led to
the proposal of a single long-lived supercontinent that lasted from
the Archean until the Neoproterozoic (Piper, 2013, 2018), high-
quality paleomagnetic data contradicts this model (Li et al., 2009).

By comparing coeval pairs of magnetic poles from distinct cra-
tons, the independent or common drift of two or more cratons
during a specified time interval can be tested (Buchan et al., 2016).
Using great-circle distances and age differences between successive
poles, minimum speeds of cratonic motion can be calculated. The
calculated rates represent the net sum of motion due to both plate
tectonics and true polar wander (TPW; Evans, 2003). During the
mid-Proterozoic, only one large-amplitude (>30°) true polar wan-
der event has been proposed at 1.1 Ga (Mitchell, 2014).

By comparing the highest quality coeval paleomagnetic poles,
differential motion of the Superior and Slave cratons (Buchan et al.,
2016) and Fennoscandia and Sarmatia cratons (Elming et al., 2021)
at 1.88-1.75 Ga is documented, providing evidence for plate tec-
tonics operating during the amalgamation of Laurentia and Baltica
at the onset of Columbia assembly. Using updated reliable pa-
leomagnetic poles, Elming et al. (2021) showed differential mo-
tion of the core of Columbia and other cratons such as those
of proto-Australia and North China until the final amalgamation
of Columbia at 1.6 Ga, as well as after the onset of breakup at
135 Ga, with these motions supporting plate tectonics. In addi-
tion, the core cratons of Columbia show divergent paleomagnetic
poles through Rodinia assembly at 1.1 Ga to 0.9 Ga (Evans, 2021),
indicating differential motion of these cratons. Calculated mid-
Proterozoic minimum speeds of cratonic motions (Fig. 1b) are typ-
ical for present-day continental plates (Zahirovic et al., 2015), con-
tradicting the single-lid hypothesis and the proposed slow speeds
of Piper (2013). Variable and fast drift speeds are recorded dur-
ing the amalgamation of Columbia, whereas during the tenure of
Columbia, unimodal drift speeds of 6-11 cm yr~! are recorded un-
til 1.3 Ga. Drift speeds both increase and become more variable
again during the amalgamation of Rodinia, with data for Lauren-
tia showing rates of 20-50 cm yr~! during the main phase of
the Grenvillian orogeny at ca. 1.1 Ga, and data for Baltica record-
ing similar speeds during the late stage of the Sveconorwegian
orogeny at ca. 0.93 Ga. These obtained speeds exceed the expected
limits for plate speeds (Zahirovic et al., 2015) and have been ex-
plained by a combination of fast plate motion (Salminen et al.,
2009; Swanson-Hysell et al., 2019) and TPW for some periods
(Mitchell, 2014). The overall variation in drift speeds during the
mid-Proterozoic between separate cratons, comparable drift rates
to present day, and faster rates correlating with orogenic activity,
strongly supports the plate tectonic hypothesis, and is incompati-
ble with a single-lid mode.

3.2. I-type magmatism and circum-Columbian accretionary belts

Worldwide 2.0-1.6 Ga orogenic events spanning the assem-
bly of the Columbia supercontinent indicate that plate tectonic
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Fig. 1. (a) Paleogeographic reconstructions based on paleomagnetic data, see supplementary files for data and methods. Active magmatism is shown for the following periods
in each time frame: 1820-1600 Ma (1740 Ma), 1600-1260 Ma (1500 Ma), 1260-1100 Ma (1200 and 1140 Ma) and 1100-900 Ma (950 Ma), and is limited to magmatism
within the accretionary belts. The location of magmatism and accretionary/collisional belts is based on Johansson et al. (2022). SAC = South Australian Cratons, NAC = North
Australian Cratons, WAC = West Australian Cratons, SF - Sao Francisco, E. Ant = East Antarctica. (b) Minimum speeds of cratonic motion as calculated from the compiled
paleomagnetic data (see Supplementary Files.). Blue curve and band are a lowess smoothing trend through the paleomagnetic record. The pink horizontal bar represents
average modern plate speed (Parsons, 1981). (For interpretation of the colours in the figure(s), the reader is referred to the web version of this article.)

movements operated during this time period. Whilst collisional
orogenesis was occurring in what became the interior of the su-
percontinent during its assembly phase, subduction-related accre-
tionary orogenesis began or continued along the exterior margins.
This process is akin to the formation of the Terra Australia orogen
along the margins of Gondwana (Cawood and Buchan, 2007). This
temporally and spatially extensive accretionary belt, the Great Pro-
terozoic Accretionary Orogen (Fig. 3) (GPAO; Condie, 2013; Roberts,
2013), produced calc-alkaline I-type magmatism and significant
crustal growth along the margins of SE Laurentia, SW Baltica
and SW Amazonia (Whitmeyer and Karlstrom, 2007; Roberts and
Slagstad, 2015; Johansson, 2009; Johansson et al., 2022). The extent

of the GPAO around the entirety of the Columbia supercontinent is
not well constrained, but likely included other continents where
magmatism of this timeframe is known (e.g., Kalahari, North China
Craton, Siberia, India; Li et al., 2021; Wang et al., 2022; Roberts,
2013; Elming et al., 2021). The poorly constrained paleogeography
for many continents in the 1.7-1.1 Ga interval also permits the pos-
sibility that the GPAO may have been divided into more than one
long-lived circum-continental orogen. The GPAO featured magma-
tism and orogenic activity (Figs. 1a and 2), including deformation
and metamorphism, forming elongated belts that become progres-
sively younger outboard from the Archean continental nuclei. This
pattern is strongly suggestive of semi-continuous subduction and
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Fig. 2. Compilation of U-Pb ages from the best-known regions of the Great Proterozoic Accretionary Orogen that formed on the margins of the Columbia supercontinent,
plotted as KDEs (data compilation from Johansson et al., 2022). Bars show known orogenic periods (from Johansson et al., 2022).

crustal accretion, and hence plate tectonics, occurring along the
external margin of Columbia throughout mid-Proterozoic time, but
is very difficult to reconcile with a single-lid or stagnant-lid sce-
nario.

3.3. Absence of blueschists and UHP metamorphism

Blueschists form during low-temperature (T) and high-pressure
(P) metamorphism, which is characteristic of subduction zones.
Thus, their occurrence has been used as an indicator of plate tec-
tonics (e.g., Stern, 2005), although there are non-tectonic explana-
tions for their absence from the early Earth geological record (Palin
and White, 2016). The oldest non-equivocal well-dated blueschists
on Earth formed at ca. 0.77 Ga (Xia et al., 2019), and they only
become abundant after 0.5 Ga (Figs. 3a and 4a), although it is
noteworthy that several other occurrences of low T/high P meta-
morphic rocks are found back to 2.1 Ga (e.g., Ganne et al., 2012).
The Neoproterozoic is now typically interpreted as recording a
transition in subduction style from previously ‘hot and shallow’
to ‘cold and steep’ (e.g., Hawkesworth et al., 2016; Palin et al.,
2020). The oldest ultra-high pressure (UHP) eclogite on Earth is
dated at ca. 620 Ma and is located in the Brasiliano orogenic belt,
southwestern Brazil (Ganade de Araujo et al., 2014), although the
oldest high-pressure (HP) eclogite is dated at ca. 2.09 Ga and is lo-
cated in the Eburnean orogenic belt, Cameroon (Loose and Schenk,
2018). Indeed, there is a curious abundance of HP eclogite at ca.
2.1-1.8 Ga, followed by a gap of around 800 Myr, coinciding with
much of the mid-Proterozoic, before they become pervasive again
in the geological record after ca. 0.6 Ga (Fig. 1). These Paleopro-
terozoic occurrences have been used to argue that modern-style
continental collisions requiring plate tectonics occurred at ca. 2 Ga
(Weller and St-Onge, 2017). The gap in occurrences between ca.
1.8 and 1.0 Ga has been explained by a transition to a warmer
mantle at 2 Ga (Tamblyn et al., 2022). This premise of a warmer
mid-Proterozoic mantle, originally hypothesized to have been as-
sociated with Earth’s first supercontinent (Hoffman, 1989), is in
accord with numerical modelling of mantle temperatures during
supercontinent formation (e.g., Gurnis, 1988; Coltice et al., 2009);
however, this model is still speculative given the unknown length-

and time-scales of mantle warming relative to the slowly aggregat-
ing Columbia supercontinent.

The lack of blueschists and rarity of UHP terranes before the
Neoproterozoic is conspicuous, but the meaning of these tempo-
ral patterns is equivocal. Using their absence to indicate a lack
of plate tectonics didactically infers that plate tectonic processes
have not changed through time, which is in stark contrast to other
well documented secular changes within the geosphere. For exam-
ple, the temperature of the mantle impacts the angle and depth of
penetration of crustal material subducted into it; it impacts the ef-
ficacy of mantle melting, which in turn alters the composition (and
buoyancy) of the newly formed oceanic and continental crust; and
it impacts the strength of the lithosphere, such that oceanic litho-
sphere subducted into a hotter mantle on the early Earth would
have been less likely to remain coherent, and would have suf-
fered more frequent breakoff (van Hunen and van den Berg, 2008;
Sizova et al., 2010, 2014, Fischer and Gerya, 2016). Integrated geo-
dynamic, geochemical, and petrological modelling has shown that:
1) continental crust subducted to UHP depths is unlikely to be ex-
humed from a hotter mantle (van Hunen and van den Berg, 2008;
Sizova et al., 2014); 2) more Mg-rich oceanic crust that would have
formed on the Archean Earth from a hotter upper mantle is unable
to form archetypal blueschist-facies assemblages, even when meta-
morphosed to low-T /high-P conditions (Palin and White, 2016);
and 3) secular change in the composition of continental crust
through time would have rendered exhumation of subducted, more
mafic Precambrian continents more difficult (Palin et al., 2021),
promoting a bias towards blueschists or eclogites being formed or
exhumed mainly in young orogens.

Given that accepted thermal models indicate that the ambient
potential mantle temperature was at least 80°C hotter during the
Mesoproterozoic than the present-day temperature (Herzberg et
al., 2010; Ganne and Feng, 2017), it is expected that UHP eclog-
ites and blueschists would be notably rarer in the Mesoproterozoic
rock record than in the Phanerozoic. We thus consider blueschists
and UHP rocks circumstantial indicators of ancient plate tecton-
ics, which do not need to be present in a geological terrane to
conclude its operation. They are of most immediate use in con-
firming the prevalence of cool metamorphic geotherms during the
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Fig. 3. (a) Global metamorphic record (Brown and Johnson, 2019) plotted as thermobaric ratio (temperature/pressure) through time. Metamorphic types are colour-coded:
blue, low-T /P (<440°C/GPa); yellow, intermediate T /P (<750, >440°C/GPa); and green, high T/P (>750°C/GPa). The blue curve and uncertainty band is a lowess curve
through all the data, and the red curve and band is a lowess curve through the data omitting the low T/P values. (b) Compilation of orogenic timing from Condie et al.
(2021), with blue as the subduction phase and red as the collision phase. (c) The global metamorphic record is binned according to the density of the data through time, and
plotted as kernel density estimates (KDEs) using log transformation of the T /P values. The two arrows broadly match the peaks in the KDEs, indicating increasing diversity
through time (Holder et al., 2019).
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Phanerozoic. Given these lines of reasoning, we consider the evi-
dence equivocal in regard to either hypothesis.

3.4. Abundant high temperature metamorphism

In contrast to the “orogenic quiescence” postulated by Tang et
al. (2021), the Mesoproterozoic was host to numerous tectonother-
mal events (Fig. 3b). Collisional orogens were abundant during
the formation of the Columbia supercontinent (Zhao et al., 2002;
Condie et al.,, 2021). This amalgamation continued until ca. 1.6 Ga,
with accretion of Australia to Laurentia at this time (Pourteau et al.,
2018). The preserved record of collisional orogenesis was then sub-
dued, although notably still present (Fig. 1c), until the formation of
Rodinia from ca. 1.2 to 0.85 Ga (Li et al., 2008). Across the entire
Columbia and Rodinia cycles, the metamorphic record is domi-
nated by medium-T to high-T/low-P thermobaric ratios, when
compared to the preceding and subsequent time periods (Fig. 3a),
with an apparent maximum in thermobaric ratio in the Meso-
proterozoic (Brown and Johnson, 2018). These authors linked the
apparent ca. 1.5 Ga peak in thermobaric ratios to mantle insula-
tion under the Columbia supercontinent. Stern (2020) subsequently
took this argument as evidence of a single lid existent in the Meso-

proterozoic. However, we refer to this peak as apparent for two
reasons: first, the metamorphic record in this timeframe is sparse,
meaning that small numbers of data points are less likely to be
representative for any given period of time, and second because
thermal gradients in collisional orogens are continually evolving.
Thus, reducing the metamorphic conditions within a terrane to a
single P-T point at a certain time is potentially misleading in por-
traying the complex tectonic processes that operate in both plate
tectonic and non-plate tectonic regimes.

Here, we outline three observations of the metamorphic record
at hand, which are evident (Fig. 3): (i) the metamorphic record
shows a broad increase to more variable P-T conditions through
time; (ii) both the early Proterozoic orogenic periods (2.2-1.8 Ga)
and late Proterozoic orogenic periods (1.2-1.0 Ga) record HT as
well as HP metamorphism; and (iii) the Mesoproterozoic is char-
acterized by a lower abundance of collisional orogens compared to
bounding eras. The first observation is compatible with an increas-
ing bimodality and variability in metamorphic gradients through
time (Fig. 3¢), as befits a gradual change in geodynamics resulting
from secular cooling of the mantle (Holder et al., 2019). The sec-
ond observation indicates that a prevalence of high-temperature
metamorphism was not restricted to the tenure of supercontinent
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Columbia, but occurred during both Columbia assembly and its
breakup/transition to Rodinia, as well as during the Phanerozoic
and the Neoarchean. This implies that the high thermobaric ratios
cannot be solely attributed to mantle insulation from a supercon-
tinent. Regarding the third observation, infrequent orogenesis is
recorded during other periods of supercontinent breakup, e.g., at
0.8-0.7 Ga, and thus simply reflects the rift-to-drift stage of the
continents, prior to collision during the next supercontinent cycle.
The low abundance of collisional orogenesis from 1.6 to 1.2 Ga is
compatible with the stable tenure and subsequent partial breakup
of Columbia before the formation of Rodinia (Roberts, 2013). In the
sense of the single-lid model, orogenic events in this timeframe
such as the ca. 1.4 Ga Hallandian in Baltica and the Picuris in Lau-
rentia require explanation; it is not clear how events like these
would originate in a single lid tectonic regime.

In summary, does the metamorphic record of apparently high
geothermal gradients, support a single lid hypothesis? We argue
that the evidence for mantle heating from a single-lid is equivocal,
and the lack of low thermobaric ratios or high-pressure metamor-
phism through the middle part of mid-Proterozoic (1.6-1.2 Ga) can
be explained by the lack of collisional orogenies during the tenure
and breakup of supercontinent Columbia.

3.5. Paucity of ophiolites and passive margins

Both ophiolites and the formation of new passive margins are
reliable and independent indicators of plate tectonics. The obduc-
tion of oceanic lithosphere onto a continent is evidence for com-
pressional tectonics thought only to accompany subduction. By
contrast, passive margins form where space is generated along a
continental margin that is not experiencing subduction, and this
is generally, if not exclusively, achieved by tectonic subsidence
following continental rifting. The geological record suggests that
passive margins and ophiolites are both relatively rare during the
mid-Proterozoic (Bradley, 2008; Fig. 4). A single-lid regime can fea-
sibly explain the paucity of both of these plate tectonic indicators
during the mid-Proterozoic (Stern, 2020). However, the question
remains whether ‘the absence of evidence is evidence of absence’,
or in this case, whether the relatively small number of passive
margins and ophiolites compared to the Paleoproterozoic and the
Neoproterozoic can be explained if plate tectonics was operational.

Continental reconstructions may be used to assess passive mar-
gin initiation and preservation through time, and such treatment
suggests that 11 passive margins formed in the Mesoproterozoic
(Fig. 4a; Condie, 2021a). The extent to which the Columbia super-
continent broke up will impact the number of passive margins cre-
ated. At present, most paleogeographic reconstructions only sup-
port partial breakup. This, along with long-lived active margins
along many continental blocks, is compatible with a low abun-
dance compared to younger periods of Earth history.

Ophiolites are a problematic form of evidence for identifying
convergent margin processes through time, as their preservation is
more of an exception than the rule. As oceanic lithosphere is pref-
erentially subducted rather than exhumed, their paucity or absence
at any point in Earth history is weak and circumstantial evidence
of a single-lid environment operating at that time. The abundance
of ophiolites partially correlates with that of low-T/high-P meta-
morphism (Figs. 3 and 4), indicating that formation or preservation
of collisional belts has controlled the abundance of ancient ophio-
lites. Therefore, although the mid-Proterozoic rarity of both ophi-
olites and passive margins are conspicuous, the records are in ac-
cord with: few and large continental landmasses during this time,
a protracted and incomplete breakup of the Columbia superconti-
nent, and continental margins that featured active rather than pas-
sive margins. In summary, the evidence is somewhat marginal; we
argue that continued formation of passive margins in the Mesopro-
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terozoic supports a plate tectonic hypothesis, whereas the rarity of
ophiolites certainly does not negate plate tectonics.

3.6. Abundances of anorthosites and A-type granites

Voluminous anorthosite intrusive complexes are found through-
out the Proterozoic, but are particularly common in the mid-
Proterozoic (Ashwal and Bybee, 2017; Fig. 4a); they are commonly
associated with A-type granitoids. A-type granitoids are found
throughout the geological record since the late Archean (Fig. 4a).
There has been a view that A-type granitoids are a feature par-
ticular to the mid-Proterozoic (Stern, 2020); however, as pointed
out by Condie (2021a), we believe this to be biased by North
American sampling, where much work has been conducted on
the widespread Mesoproterozoic A-type granite suites. We also
point out that it is a misconception that anorthosites and A-type
granitoids are restricted to anorogenic settings. Voluminous massif
anorthosites are indicative of several specific conditions that al-
lowed their formation, namely, a persistent heat source at the base
of the Moho, and a stable geodynamic environment that allows
for protracted (>10 Myr) melting, polybaric ascent and crystal-
lization. Ashwal and Bybee (2017) suggest that continental arcs
provide the most suitable location for these conditions, and high-
light the spatial occurrence of many anorthosite intrusions along
known convergent plate boundaries. We posit that continental arcs
are likely not the sole location, as many large bodies are known
from collisional orogens, such as the Grenville Province (Emslie and
Hunt, 1990). These examples likely formed from extensive man-
tle heating during extensional phases of this long-lived hot orogen
(Indares, 2020).

A-type granites were first described from the Lachlan fold belt
in SE Australia (Loiselle and Wones, 1979; Collins et al., 1982),
where they are known to occur in back-arc settings (Kemp et
al,, 2009; Collins et al,, 2020). Other well studied examples oc-
cur in post-collisional settings (Eby, 1990), and notably are now
even recognised in the ongoing Himalayan-Tibetan orogen (Hao et
al,, 2019). Thus, both accretionary and collisional plate boundaries
are common settings for A-type granitoids. Taking the well-known
and spatially widespread 1.5-1.3 Ga A-types as examples (e.g., the
Granite-Rhyolite Province of Laurentia), these were long considered
to be devoid of convergent margin processes (Anderson and Ben-
der, 1989); however, there is a growing body of work pointing to
compressional tectonics across the region that hosts these suites
(e.g., Gordon Medaris Jr et al., 2021), meaning they can now be
potentially linked to orogenic rather than anorogenic formation. In
summary, two lines of evidence do not support the single-lid hy-
pothesis: (i) A-type granites and anorthosites are prevalent before
and during amalgamation of the Columbia supercontinent, as well
as younger periods in Earth history, indicating that they do not
require heat generated from mantle insulation via a supercontinen-
tal lid; and (ii) these magma types are not necessarily indicative
of anorogenic geodynamics, but are known to commonly form in
convergent settings, either within distal back-arcs or regions of
post-collisional lithospheric removal where mantle heat flow is el-
evated. Both lines of evidence are compatible and supporting of
the plate tectonics hypothesis, respectively. In contrast, the single-
lid hypothesis requires a mechanism of forming these granitoids in
a position peripheral rather than central to the Columbia super-
continent.

3.7. Mineralization distinction

Mineral deposits show a heterogeneous distribution in time
that has been discussed in many previous reviews (see Cawood
and Hawkesworth, 2015 and references therein; Fig. 4b). We con-
sider this distribution and its implications to primarily result from
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the interplay of four factors: (1) the supercontinent cycle imparts
a strong preservation bias on mineral deposits based upon their
tectonic setting; (2) preservation in the geological record depends
on erosion level; (3) formation of different types of mineral de-
posits is linked to long-term secular trends in Earth-system con-
ditions, such as mantle cooling and seawater composition; and
(4) the record is dominated by exceptionally large mineral de-
posits that likely require special sets of conditions for formation
(the Goldilocks effect), and thus are potentially not indicative of
widespread global processes at that time. With reference to the
mid-Proterozoic, there is a notable absence of orogenic Au, volcanic
massive sulphide (VMS) and porphyry Cu, and a notable pres-
ence of Ni-Cu-sulphide, Fe-oxide Cu-Ag (I0CG), and uranium and
clastic-dominated (CD)-Pb-Zn deposit types (Fig. 2b). Regarding the
preservation of tectonic settings, the lack of orogenic Au and por-
phyry Cu deposits has been related to the deep erosional level of
Precambrian rocks (Goldfarb et al., 2001; Kesler and Wilkinson,
2008). Richards and Mumin (2013) on the other hand, question
the importance of erosional bias for the lack of porphyry systems
in the Precambrian. They postulate that porphyry Cu £+ Au and
IOCG form in similar subduction-related environments, but that
the Phanerozoic vs. Proterozoic prevalence, respectively, is due to
higher geothermal gradients and lower seawater sulfate concentra-
tions in the Precambrian oceans. Liu et al. (2019) postulate that the
distribution during the Rodinia timeframe indicates a preservation
bias whereby non-arc settings are preserved over arc settings in
comparison to other supercontinents. Based on mineral occurrence
distribution, notably the presence of HFSE enrichments, these au-
thors also speculate the prevalence of lithosphere-asthenosphere
interaction during the Mesoproterozoic, and a bias toward in-
traplate magmatism.

Does this unusual mineral deposit distribution support the
single-lid hypothesis? Bias in the geological record and the unique
nature of some mineral systems inhibits our ability to directly
relate the temporal record with geodynamic processes. That be-
ing said, a potential link exists between the preserved magmatic
and metallogenic record, whereby for the mid-Proterozoic, fore-arc
related (I-type) magmas and minerals are apparently low in abun-
dance relative to A-type magmas and mineral systems interpreted
as ‘intraplate’ (Liu et al., 2019). If we accept that plate tectonics
was in existence, this preservation would have to be explained by
a process that destroyed fore-arc terranes, and preserved back-arc
and inboard terranes. CD-Pb-Zn deposits can form in intracratonic
rift basins, which is compatible with either single-lid or plate tec-
tonic modes (i.e., as continental back-arcs; Ross and Villeneuve,
2003), but does require a mechanism for tectonic subsidence. Re-
garding the lack of 1.3-0.7 Ga CD-Pb-Zn deposits, this could relate
to the style of orogenesis during Rodinia formation (Leach et al.,
2010), whereby opposing subduction zones collided, rather than
passive margins that can host such mineral deposits. In summary,
there is evidence that arc-related ore deposits are low in abun-
dance during the mid-Proterozoic, especially the Mesoproterozoic,
which Stern (2020) cites as evidence for a single-lid regime. How-
ever, the existence of other deposit types would then also require
special circumstances, since these form in post-collisional, intra-
cratonic rift or back-arc extensional settings, all of which require
a geodynamic driver for extension. Objectively, we therefore find
the metallogenic record compatible with the hypothesis of plate
tectonics, and in poor support of the single-lid hypothesis.

4. Discussion

Several lines of evidence commonly used to argue for and
against the operation of plate tectonics at any point in Earth his-
tory are equivocal, and are contingent on formational and preser-
vational biases; these are the presence (or absence) of passive mar-
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gins, ophiolites, blueschists, and UHP metamorphic rocks. Other
lines of evidence are still ambiguous, in that some lithologies can
form in a variety of geodynamic settings, but in our view, can be
used in support of a plate tectonic model; these are the abun-
dances of anorthosites, A-type granites, and various mineral de-
posit types. Finally, there are lines of evidence that entirely support
plate tectonics and are incompatible with a single-lid model; these
are: (i) accretionary orogenic belts, associated I-type magmatism
and deformation; and (ii) plate motions recorded by paleomagnetic
data. The weight of evidence falls in favour of a plate tectonic set-
ting throughout the mid-Proterozoic, and the argument for a single
lid is equivocal at best, and is ultimately incompatible with the ge-
ological record. We acknowledge that we have omitted discussion
on the records of igneous geochemistry and radiogenic isotopes
(e.g., Hf and Nd); however, as demonstrated by long-lived and on-
going debate over Archean geodynamics, these are far from trivial
(e.g. Johnson et al, 2016; Rollinson, 2022), and, given that the
geochemical record resulting from a stagnant-lid regime has no
modern analogues and would be difficult to reconstruct, is unlikely
to provide any definitive answers.

Although evidence from the geological record falls in favour of
plate tectonics since at least the Paleoproterozoic, the record of
the mid-Proterozoic, and in particular the early to mid-Mesoproter-
ozoic, is markedly different to the bounding time periods, and
as such, demands explanation. Although this time period clearly
warrants further detailed investigation, our solution is to advocate
changes in lithosphere behaviour that are brought about by ele-
vated mantle temperatures compared to today.

Three key features of the Mesoproterozoic geological record
that require explanation are an abundance of high-temperature
magmatism, an abundance of higher thermobaric ratios of meta-
morphic rocks, and a lack of certified indicators of subduction
(ophiolites, blueschists, and UHP metamorphic rocks). We assume
the following: (i) between 1.85 and 0.85 Ga, the potential mantle
temperature was on average 80-120°C hotter than today (Fig. 5a),
which leads to distinctly different styles of geodynamics at conver-
gent plate boundaries; and (ii) a global network of plate tectonic
boundaries had been initiated before the mid-Proterozoic, possibly
as late as ca. 2 Ga (Condie, 2021b), or as early as ca. 3 Ga (Ca-
wood et al., 2018). Following the geodynamic modelling of Sizova
and others (e.g., Sizova et al., 2010, 2014; Chowdhury et al., 2020),
the mid-Proterozoic is predicted to be a transitional period falling
between orogenic styles of the Archean and those that charac-
terise the Phanerozoic (Roberts et al., 2015; Sizova et al., 2010,
2014; Chowdhury et al., 2021; Figs. 5b-5c). Although the scope of
this paper is not to postulate any of the much-debated Archean
tectonic styles, combined geodynamic and petrological modelling
predict that convergent margins in the mid to late Archean would
have comprised: episodic slab subduction with rapid breaking and
drop-off of the slab, peeling back of the lithosphere exposing the
upper plate to hot mantle, and no deep subduction of continental
material (e.g., Sizova et al., 2010, 2014; Fischer and Gerya, 2016;
Chowdhury et al., 2017, 2020). During the Archean, these ‘hori-
zontal’ tectonic styles likely became more dominant through time,
with ‘vertical’ tectonic processes not associated with convergent
margins, i.e. sagduction, becoming less prevalent. Capitanio et al.
(2019) summarise this change from stagnant lid, to ‘lid and plate’,
to plate tectonics reminiscent of modern Earth. In contrast to the
mid-Proterozoic and older eons, Phanerozoic mantle temperatures
allow for sustained slab subduction of oceanic crust, and deep
subduction of continental crust (Sizova et al., 2014; van Hunen
and van den Berg, 2008). Condie (2021b) argues that 2.5-2.0 and
1.0-0.5 Ga are key timeframes bounding this transitional period,
marking the onset and establishment of global subduction, and the
onset of continental lithospheric subduction, respectively.
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Sizova et al. (2014) demonstrated that a transitional phase at
A80-100°C (i.e., in the mid to late-Proterozoic) would lead to for-
mation of ‘truncated hot orogens’ and ‘two-sided hot collisional
orogens’. Truncated hot orogens are characterised by no deep con-
tinental subduction, shallow slab breakoff, low (or even negative)
topography, and abundant melt-bearing mantle between the conti-
nental plates. Two-sided collisional orogens have similarities, but
with lower degrees of extension due to reduced slab-pull, and
melt-bearing mantle underlying the downgoing ‘lower’ plate. As-
pects of these hot orogens are found within the Proterozoic oro-
genic record, for example, those involved in Rodinia formation such
as the ca. 1.1-0.9 Ga Grenville and Sveconorwegian orogens (Turlin
et al,, 2018; Indares, 2020; Bingen et al., 2021). Although continen-
tal subduction is precluded in the ‘hot orogen’ geodynamic models,
it is noteworthy that ca. 0.98 Ga continental subduction is recorded
in the Sveconorwegian hinterland (Méller et al., 2015), implying an
overlap between the ‘modern’ and ‘transitional’ regimes (Sizova et
al., 2014) of collisional orogenesis in the late Mesoproterozoic to
Neoproterozoic. Also notable in the geological record is the poten-
tially thin crust in ‘active’ (i.e., zircon-forming) regions (Tang et al.,
2021; Fig. 5a); however, the robustness of the Eu anomaly proxy
for crustal thickness applied to the Precambrian is not yet quanti-
fied. Thin and weak lithosphere in the mid-Proterozoic is in accord
with the metamorphic record of higher thermobaric ratios during
orogenesis (Spencer et al., 2021). The geodynamics of ocean-facing
convergent margins have a similar fate under increased mantle

temperatures to those of continental collision zones (Sizova et al.,
2010). Decompression melting in the mantle would have been
greater in volume under mid-Proterozoic mantle temperatures, as
would the amount of extension in the over-riding plate (Sizova et
al., 2010). Therefore, we suggest that the differences in geodynam-
ics between the mid-Proterozoic and the Phanerozoic, although
much smaller compared to the differences between the modern
and the Mesoarchean, would lead to significant differences in the
abundances of magmatic rock associations, mineral systems and
metamorphic field gradients.

All of the geodynamic changes described above were imposed
on a time period when the continents were likely amassed into
a single supercontinent or only a few continental fragments. Al-
though it is not exactly known how numerous and dispersed con-
tinental fragments were during the Columbia to Rodinia super-
continent transition, Columbia appears to have fragmented only
partially, and over a long time period. The fact that the Meso-
proterozoic comprised a single or a few ‘supercontinental plates’,
added to the enigmatic nature of this time, lends itself to low
abundances in plate tectonic indicators such as passive margin on-
sets. Thus, the combined effects of secular cooling of the mantle
and of the long-lived Columbia supercontinent, can adequately ex-
plain the geological record of the mid-Proterozoic within a plate
tectonic framework, and do not require alternatives such as single-
lid tectonics. During the tenure of the Columbia supercontinent,
the world’s oceans were most likely divided into several separate
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oceanic plates with intervening mid-ocean ridges and oceanic is-
land arcs, much like the present-day Pacific Ocean; however, this
part of the geological record would have poor preservation poten-
tial (Spencer et al., 2017) and has been totally lost.

Plate tectonics is a geodynamic regime whereby the plates are
coupled to convection in the mantle; in single- or stagnant-lid
regimes convection is decoupled. Although the mid-Proterozoic,
particularly the Mesoproterozoic, likely comprised few continen-
tal landmasses in a framework close to a single lid, the record of
ongoing continental drift, orogenesis and convergent margin mag-
matism, implies an ongoing coupling of convection between the
mantle and crust - i.e., plate tectonics was active on Earth since
at least 2 Ga, as has also been documented paleomagnetically
(Mitchell et al., 2014).

Our study highlights several areas that require further detailed
investigation and modelling, and we pose the following questions:
(i) Was continental subduction possible in the Paleoproterozoic,
but restricted in the Mesoproterozoic due to sub-continental man-
tle heating (Tamblyn et al., 2022), or is the metamorphic record bi-
ased by preservation rather than formation?; (ii) Is mantle heating
from supercontinent insulation a requirement for any of the fea-
tures of the mid-Proterozoic geological record?; (iii) Does preser-
vation bias, such as a deeper erosion levels, explain the lack of
preserved ophiolites and/or the dearth of some high-level ore de-
posit types, such as porphyry copper? If not, what controls the
formation and preservation of these deposit types through dif-
ferent eons?; (iv) Given that the ratio of fluid-fluxed to decom-
pression melting at convergent margins will change as a result of
mantle temperature (Sizova et al., 2010), how does this balance
impact the generation and preservation of magmatic and metallo-
genic suites? We suggest that an improved geodynamic context of
the mid-Proterozoic should help better understand the enigmatic
relative biologic and climate stasis of the contemporaneous ‘Boring
Billion’ and the links between tectonics and Earth’s surface pro-
cesses.

5. Conclusions

The mid-Proterozoic, and the Mesoproterozoic in particular, was
neither orogenically quiescent, nor tectonically stagnant; it was
merely host to geodynamics that differ from the modern Earth as
a result of two processes working in tandem: secular cooling of
the mantle and a long-lived supercontinent whose breakup was
slow and incomplete. The 1.6-1.1 Ga period was dominated by
geologic activity occurring along the margins of either a single su-
percontinental plate (Columbia), or a few plates. We acknowledge
that this scenario may give the false impression that the whole
Earth consisted of one single plate, and therefore single-lid tecton-
ics might have operated; however, long-lived subduction-related
magmatism along the active margin of Columbia, and the plate
motions and deformation associated with the transformation from
Columbia to Rodinia, collectively attest to the operation of plate
tectonics throughout this period, and both lines of evidence are in-
compatible with single-lid tectonics. Since seafloor spreading and
subduction on Earth today are fastest in the oceanic plates of the
Pacific Ocean, one should clearly not interpret such long-lived su-
percontinentality as a single lid. The predicted behaviour of the
mid-Proterozoic continental lithosphere with a hotter subcontinen-
tal mantle (80-120°C above present) accord with the geological
record, but further work should interrogate how the various pe-
culiarities of the mid-Proterozoic can be placed within this geody-
namic framework, and how each facet of the geological record is
affected by both formation and preservation biases.
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