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ABSTRACT

The ca. 3.8–3.6-b.y.-old Isua supracrustal belt of SW Greenland is Earth’s only site older than 3.2 Ga that is exclusively interpreted via plate-
tectonic theory. The belt is divided into ca. 3.8 Ga and ca. 3.7 Ga halves, and these are interpreted as plate fragments that collided by ca. 
3.6 Ga. However, such models are based on idiosyncratic interpretations of field observations and U-Pb zircon data, resulting in intricate, 
conflicting stratigraphic and structural interpretations. We reanalyzed published geochronological work and associated field constraints 
previously interpreted to show multiple plate-tectonic events and conducted field-based exploration of metamorphic and structural gra-
dients previously interpreted to show heterogeneities recording plate-tectonic processes. Simpler interpretations are viable, i.e., the belt 
may have experienced nearly homogeneous metamorphic conditions and strain during a single deformation event prior to intrusion of 
ca. 3.5 Ga mafic dikes. Curtain and sheath folds occur at multiple scales throughout the belt, with the entire belt potentially representing 
Earth’s largest a-type fold. Integrating these findings, we present a new model in which two cycles of volcanic burial and resultant melt-
ing and tonalite-trondhjemite-granodiorite (TTG) intrusion produced first the ca. 3.8 Ga rocks and then the overlying ca. 3.7 Ga rocks, 
after which the whole belt was deformed and thinned in a shear zone, producing the multiscale a-type folding patterns. The Eoarchean 
assembly of the Isua supracrustal belt is therefore most simply explained by vertical stacking of volcanic and intrusive rocks followed by 
a single shearing event. In combination with well-preserved Paleoarchean terranes, these rocks record the waning downward advection 
of lithosphere inherent in volcanism-dominated heat-pipe tectonic models for early Earth. These interpretations are consistent with recent 
findings that early crust-mantle dynamics are remarkably similar across the solar system’s terrestrial bodies.

LITHOSPHERE; v. 12; no. 1; p. 166–179; GSA Data Repository Item 2020114  |  Published online 30 January 2020	 https://doi.org/10.1130/L1130.1

INTRODUCTION

The linked questions of how and when plate 
tectonics initiated, and what preceded plate tec-
tonics, are widely regarded as some of the most 
significant unsolved problems of solid Earth 
evolution (e.g., Huntington and Klepeis, 2018; 
Sleep, 2000; Stern, 2008). Persistence of these 
basic questions 50 years after the main decade of 
plate-tectonic discovery is in itself remarkable. 
In these 50 years, we have acquired detailed 
knowledge about the active plate-tectonic sys-
tem as well as rapidly growing understanding 
of interactions among the solid Earth, the atmo-
sphere, the biosphere, and the hydrosphere (e.g., 
Bird et al., 2008; Boos and Kuang, 2010; Her-
man et al., 2013; Hoorn et al., 2010; McKenzie 
et al., 2016). In contrast to this increasing speci-
ficity, viable models of early Earth’s tectonics 

range from plate tectonics emerging almost 
directly from a magma ocean before 4.4 Ga 
(e.g., Harrison et al., 2017) to onset of plate 
tectonics as late as the Neoproterozoic (e.g., 
Stern et al., 2016).

Uncertainty regarding early tectonics reflects 
early Earth’s sparse geologic record. In contrast 
to the rich early records of the solar system’s 
other terrestrial bodies, Earth’s geologic record 
is generally more fragmentary the further back 
in time that it is accessed (Michalski et al., 
2018). The incomplete geologic record, with 
associated preservation bias potential and small 
numbers statistical issues, limits our ability to 
conclusively test most relevant models. As the 
record becomes less complete deeper in time, 
it generally becomes simpler. Associations of 
lithologies, distinct rock types, and mineral-
ogy are all reduced in diversity progressively 
back through time (e.g., Hazen et al., 2008; 
Stern, 2008). Terrane records from before 
the Archean-Proterozoic transition are domi-
nated by relatively simple granitoid-greenstone 

successions (e.g., Condie, 2019). Prior to ca. 
3.2 Ga, such successions are the only lithologies 
observed (e.g., Byerly et al., 2019; Nutman and 
Bennett, 2019; Van Kranendonk et al., 2019). 
The eldest kilometer-scale rock packages are 
granitoid-greenstone terranes developed from 
ca. 3.85 Ga to ca. 3.7 Ga (e.g., Cates et al., 2013; 
Nutman and Friend, 2009; O’Neil et al., 2008). 
For the period before 4.0 Ga, our only record is a 
granitoid from Acasta of NW Canada (Bowring 
and Williams, 1999; Reimink et al., 2016) and 
zircon crystals, predominantly detrital zircon 
grains principally sourced from just two locali-
ties separated by ~100 km in western Australia 
(Compston and Pidgeon, 1986; Froude et al., 
1983; Mojzsis et al., 2001; Wilde et al., 2001).

By interpreting the early Earth record to be at 
least roughly representative, many workers have 
used mineralogical (e.g., Hazen et al., 2008; 
Shirey and Richardson, 2011), geological (e.g., 
Brown and Johnson, 2018; Pease et al., 2008), 
and geochemical records (e.g., Johnson et al., 
2019; Keller and Schoene, 2012), particularly 
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those recorded by fine-grained sediments (e.g., 
Tang et al., 2016) and zircon crystals (e.g., 
Dhuime et al., 2012; Næraa et al., 2012), to 
infer a major shift in Earth’s crustal generation 
processes at ca. 3.2–2.5 Ga. The most common 
hypothesis to explain this shift is the onset of 
plate-tectonic recycling following some form 
of hot stagnant lid geodynamics (e.g., Lenardic, 
2018). However, a focus on tectono-metamor-
phic geology highlights a finding that contradicts 
this overall interpretation. Namely, all prior 
detailed geologic studies of our best-preserved 
Eoarchean terrane, the ca. 3.85–3.60 Ga Isua 
supracrustal belt of SW Greenland, interpret this 
site to record terrane collision within the context 
of plate tectonics (Arai et al., 2015; Hanmer 
and Greene, 2002; Komiya et al., 1999; Nutman 
et al., 2015b; Nutman and Friend, 2009). It is 
worth considering that an individual record of 
subduction and terrane collision does not require 
global plate tectonics; for example, proposed 
Venusian subduction at the Artemis corona is 
spatially restricted within an otherwise stagnant 
lid setting (Davaille et al., 2017). Nonetheless, 
Isua represents a significant counterweight to 
the assumption underpinning the ca. 3 Ga tec-
tonic-mode-change models, i.e., the idea that 
early Earth’s record is broadly representative.

We speculate that the exclusivity of sub-
duction tectonic interpretations for the Isua 
supracrustal belt is largely a function of rela-
tively sparse structural study. Although the 
antiquity and significance of the belt have 
been recognized since the 1970s (Moorbath 
et al., 1972; Moorbath et al., 1973), and signal 
insights into early Earth processes have been 
derived from Isua since then (e.g., Allwood et al., 
2018; Bennett et al., 2007; Cabral et al., 2013; 
Caro et al., 2003; Crowe et al., 2013; Frei et al., 
2016; Hassenkam et al., 2017; Komiya et al., 
1999; Moore and Webb, 2013; Næraa et al., 
2012; Nutman et al., 2016; Rizo et al., 2012; 
Rosing et al., 2010), only about 10 research 
groups have published structural information 
about the belt (Allwood et al., 2018; Appel 
et al., 1998; Bridgwater and McGregor, 1974; 
Crowley, 2003; Crowley et al., 2002; Fedo, 
2000; Fedo et al., 2001; Friend and Nutman, 
2005, 2010, 2011; Friend et al., 2008; Hanmer 
and Greene, 2002; Hanmer et al., 2002; James, 
1976; Kaczmarek et al., 2016; Keto and Kurki, 
1967; Komiya et al., 1999; Kurki and Keto, 
1966; Myers, 2001; Nutman, 1984; Nutman and 
Bennett, 2019; Nutman and Bridgwater, 1986; 
Nutman and Friend, 2007, 2009; Nutman et al., 
1997, 2000, 2002, 2007, 2013, 2015a, 2015b, 
2015c, 2015d, 2016, 2019; Rosing et al., 1996), 
a diversity of interrogations which is greatly sur-
passed for most other subaerial orogenic belts 
on Earth. In this contribution, we examined the 

evidence used to support plate-tectonic inter-
pretations, focusing on (1) reanalysis of prior 
geochronological results and associated cross-
cutting relationships that have previously been 
interpreted to record as many as eight tectonic 
events, and (2) new field observations leading 
to reinterpretation of basic structural relation-
ships. We integrated these findings to explore 
whether non–plate tectonic models are viable, 
and indeed might represent simpler interpreta-
tions of the available data.

GEOLOGICAL BACKGROUND

The protoliths of Eoarchean Isua rocks match 
those of all other pre–3.2 Ga terranes: (1) mafic 
and ultramafic igneous rocks (i.e., basalts, 
komatiites, and their intrusive equivalents), 
(2) crystallized melts of such rocks (i.e., the 
tonalite-trondhjemite-granodiorite [TTG] series), 
(3) chemical sedimentary rocks (e.g., chert and 
banded-iron-formation layers), (4) volumetri-
cally minor crystallized melts of felsic crust 
(i.e., granites), and (5) clastic sedimentary rocks 
composed of sediment from the aforementioned 

rock types (Fig. 1; Moyen and Martin, 2012; 
Nutman et al., 2015c). The exclusively plate-
tectonic interpretations of the Isua supracrustal 
belt record are based on a broad range of evi-
dence, including identification of ophiolites, arc 
sequences, metamorphic patterns, accretionary 
prisms, and large-magnitude thrust-tectonic 
events. Current plate-tectonic interpretations use 
the juxtaposition of ca. 3.8 Ga and ca. 3.7 Ga 
stratigraphic sequences and flanking TTG bod-
ies to infer a suture zone and/or accretionary 
complex along the ~35 km length of the Isua 
supracrustal belt, with initial collision prior to 
intrusion of small volumes of ca. 3.66–3.60 Ga 
granites observed in all rock packages (e.g., Arai 
et al., 2015; Nutman and Friend, 2009). Despite 
agreement on an overarching plate-tectonic set-
ting, basic aspects of the geometric, kinematic, 
and petrologic framework of Isua are disputed. 
For example, the same supracrustal rocks are 
interpreted as ophiolites, arc sequences, and an 
accretionary prism.

Many of the bases for plate-tectonic inter-
pretations have been shown to be nonconclusive, 
particularly those founded on igneous rock 
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Figure 1. Location, schematic geologic map (modified from Nutman and Friend, 2009), and 
stereoplot showing key aspects of the Isua supracrustal belt. Red lettered positions on the 
map correspond to Figure 4 photograph locations. BIF—banded iron formation.
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assemblages and/or geochemical constraints: 
(1) Some workers have deemed the belt to be 
(in whole or in part) an ophiolite (e.g., Furnes 
et al., 2007), but subsequent petrological studies 
preclude this by demonstrating absence and/or 
misidentification of key components of ophio-
lite sequences (e.g., Friend and Nutman, 2010). 
(2) The chemistry of various igneous sequences 
bears some resemblances to arc magmatic rocks 
(e.g., Polat and Hofmann, 2003; Polat et al., 
2002), but tectonic setting discrimination on 
this basis is limited by our weak understand-
ing of potential nonuniformitarian geochemical 
patterns (Bédard et al., 2003; Condie, 2003, 
2015). For instance, high Al2O3/TiO2 basalts at 
Isua have been interpreted to indicate melting in 
intra-oceanic arc settings (Polat et al., 2002), but 
similar rocks at Pilbara are interpreted simply as 
products of remelting of depleted mantle, which 
can occur in both plate and “vertical” tectonic 
settings (e.g., partial convective overturn sys-
tems, e.g., Smithies et al., 2005). (3) Ultramafic 
lenses within the belt have been interpreted as 
mantle slices emplaced in the crust via colli-
sional accretionary faulting (e.g., Kaczmarek 
et al., 2016), but fractionation trends linking 
these rocks to adjacent mafic volcanic sequences 
indicate that these are crustal cumulates (Szilas 
et al., 2015).

Prior research into the structural framework 
of the Isua supracrustal belt has posited that the 
region is dominated by steep southeastward dips 
and stretching lineations, and that there are fault 
duplexes, extensive high-magnitude stretching 
and thinning, and folding (e.g., Hanmer and 
Greene, 2002; James, 1976; Keto and Kurki, 
1967; Komiya et al., 1999; Nutman and Friend, 
2009). However, structures are disputed at all 
scales—even the vergence of proposed subduc-
tion is opposite in competing models. One model 
suggests that the Isua supracrustal belt repre-
sents an accretionary prism with hundreds of 
thrust faults developed over ~100 m.y. via south-
dipping subduction (in present coordinates; 
Fig. 2A; Arai et al., 2015; Komiya et al., 1999). 
Late extrusion is speculated to have exposed a 
cross section through the prism, such that peak 
metamorphic grade decreases from amphibo-
lite to greenschist facies northeastward across 
the northeastern portion of the belt (Arai et al., 
2015; Komiya et al., 1999). The main compet-
ing model argues that north-dipping subduction 
resulted in the ca. 3.69–3.66 Ga collision of ca. 
3.8 Ga and ca. 3.7 Ga arc terranes (Fig. 2B; 
Nutman and Friend, 2009). In this model, defor-
mation was focused along a major suturing shear 
zone and other shear zones that record distinct 
events with opposing top-to-the-SE and top-
to-the-NW shear senses (Nutman et al., 2015b; 
Nutman and Friend, 2009). The shear zones are 

interpreted to separate low-strain zones where 
facing indicators are locally preserved (Nutman 
et al., 2015b; Nutman and Friend, 2009).

UTILITY OF EXTANT GEOCHRONOLOGY 
AND ASSOCIATED FIELD OBSERVATIONS 
IN RESOLVING DEFORMATION EVENTS

The synthesis of Isua geology that supports 
the north-dipping subduction model includes 
multiple distinct Eoarchean deformation events 
(e.g., Friend and Nutman, 2010; Nutman et al., 
2009, 2015b; Nutman and Friend, 2009). In 
this section, the U-Pb zircon geochronology 
and associated field observations used to infer 
these events are reviewed. Unless otherwise 
noted, all ages are sensitive high-resolution ion 
microprobe (SHRIMP) U-Pb zircon spot ages. 
We found that many published tectonic interpre-
tations are permissible, but not required, due to 
nonunique interpretations of field observations 
and insufficient geochronological resolution 
in the face of challenges such as Pb loss (e.g., 
Fisher and Vervoort, 2018). Furthermore, an 
interpretation with only a single significant 
Eoarchean deformation event at Isua is equally 
viable. This section concludes with a brief 
review of metamorphic timing constraints from 
mineral-isotope systems beyond U-Pb zircon.

Before examining the evidence for each 
proposed deformation event, we affirm other 
key discoveries provided by U-Pb zircon geo-
chronology at Isua: (1) The division of the Isua 
supracrustal belt into a northern ca. 3.7 Ga belt 
and a southern ca. 3.8 Ga belt is robust. This is 
illustrated via a compilation of SHRIMP U-Pb 
zircon spot ages from meta-tonalites and felsic 
metavolcanics in the Isua area from Nutman et al. 
(2013); see Figure 3A. The distribution of ages 
clearly shows peaks at ca. 3.7 Ga and ca. 3.8 Ga, 
and the geographic division between samples that 

yield the different ages is well established (e.g., 
Crowley, 2003; Crowley et al., 2002; Nutman 
et al., 1997, 2009). The ages comprising each 
peak span 40–50 m.y. intervals. The ~100 m.y. 
age division illustrated here is a key component 
of every viable model for Isua, and the main 
basis for the interpretation that a ca. 3.8 Ga arc 
subducted northward below and collided with 
a ca. 3.7 Ga arc. (2) An ~50-m-thick sedimen-
tary layer dominated by chert and banded iron 
formation occurring discontinuously along the 
boundary of the ca. 3.7 Ga and ca. 3.8 Ga belts 
has thus far only yielded 29 U-Pb zircon analyses 
on 19 grains from three samples (Nutman et al., 
2009). Nonetheless, the age distributions are suf-
ficiently well resolved to indicate that this layer 
received detritus that is distinct from the materi-
als dominating the ca. 3.7 Ga and ca. 3.8 Ga belts. 
Data from five grains cluster to suggest an age 
peak at ca. 3.76 Ga, data from 12 grains cluster 
to suggest a broad age peak spanning from ca. 
3.93 Ga to ca. 3.87 Ga, and only a single grain’s 
data are generally consistent with the ca. 3.8 Ga 
peak (Nutman et al., 2009). (3) All major tec-
tonic events directly disrupting the continuity 
of Isua rocks are generally understood to have 
been completed by ca. 3.5 Ga, because intrusion 
of mafic dikes occurred across the region at that 
time, and these dikes remain weakly deformed 
to undeformed (e.g., Nutman et al., 2004; see 
Fig. 1 herein).

In addition to the proposed collision of ca. 
3.8 Ga and ca. 3.7 Ga terranes, up to six more 
Eoarchean tectonic events have been associ-
ated with the north-dipping subduction model 
(e.g., Friend et al., 2002; Nutman et al., 2015b; 
Nutman and Friend, 2009). The oldest of the 
proposed Eoarchean events would have occurred 
prior to, or at, 3.8 Ga. Friend et al. (2002) stated 
that, within an ~100-m-long enclave surrounded 
by 3.8 Ga meta-tonalite, (1) mylonites separate 
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Figure 2. Plate-tectonic models for the Eoarchean assembly of the Isua supracrustal belt: (A) forma-
tion of an accretionary prism during south-dipping subduction (modified from Arai et al., 2015), and 
(B) terrane accretion along a north-dipping subduction zone (modified from Nutman and Friend, 
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Figure 3. Selected sensitive high-resolution ion microprobe (SHRIMP) U-Pb zircon geochronology constraints relevant to interpretations 
of the Eoarchean tectonics of the Isua supracrustal belt (see text for details). (A) Histogram and relative probability of zircon ages from 
meta-tonalite and felsic schist samples of the Isua region, from Nutman et al. (2013). (B) Data proposed to constrain deformation events 
across Isua shown in traditional concordia plots. Letters “g” and “n” refer to number of dated zircon crystals/detrital grains and number 
of spot analyses, respectively. Blue, red, and green color coding allows for visual distinction of data plotted on different, closely spaced 
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(Nutman et al., 2002, Tectonics)

G05/22 metabasalt, g = 1, n = 3 (Nutman 
et al., 2010, Precambrian Res)

MR81-318 quartzite, g = 27, n = 31 (Nutman 
and Collerson, 1991, Geology)

G07/02 + 04 siliceous rock, g = 8, n = 8 (Nutman et 
al., 2009, Precambrian Res)

G07/27 metachert/BIF, g = 6, n = 10 (Nutman et al., 2009, 
Precambrian Res)

GGU288626 siliceous rock, g = 12, n = 15 (Nutman et al., 
1997, Chem Geol)

2σ error ellipsesC

Figure 3 (continued ). 
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dunite from layered mafic/ultramafic rocks and 
(2) relict igneous textures in meta-gabbroic 
rocks are crosscut along this contact. They 
interpreted the dunite as mantle rock and the 
contact as a major fault. However, dunite is a 
common crustal cumulate rock in granite-green-
stone belts (e.g., Szilas et al., 2015). Therefore, 
tectonic emplacement of mantle material (Nut-
man et al., 2013) is a nonunique interpretation, 
and the large shear magnitudes inherent in this 
model are not required.

The second oldest proposed Eoarchean 
tectonic event involves a similar geometric 
framework, with tectonically juxtaposed mafic 
and ultramafic rocks crosscut by a later tonalitic 
intrusion, such that the age of the meta-tonalite 
represents a minimum age for the earlier defor-
mation. Friend and Nutman (2010) stated that 
ultramafic schist and high Al2O3/TiO2 amphibo-
lite are interspersed in a deformed zone (near the 
eastern margin of the ca. 3.7 Ga portion of the 
western part of the Isua supracrustal belt). They 

showed a photograph (their fig. 3C) that they 
described as showing nearby, “less deformed” 
quartz diorite/tonalite crosscutting fabric in the 
amphibolite. It is difficult to confirm this obser-
vation using the photograph because of the lichen 
cover and washed-out white color of the tonalite 
rock; the tonalite simply appears in sheets with 
indeterminate internal morphologies concordant 
with probable foliation in the basaltic schists. 
Friend and Nutman (2010) sampled this tonal-
ite (sample G07/29) and obtained 11 SHRIMP 
U-Pb zircon spot ages from 11 zircon crystals 
(their fig. 4C and table 2; our Figs. 3B–3D). For 
the best age of the tonalite, they reported 3717 
± 6 Ma (2σ) as a weighted mean of 9 of the 11 
207Pb/206Pb spot ages; the nine ages are reported 
as “indistinguishable.” We were unable to deter-
mine which nine ages were used because: (1) at 
the 1σ threshold reported in their table 2, fewer 
than nine 207Pb/206Pb ages overlap, whereas at 2σ, 
all ages but one age overlap, and (2) we could 
not reproduce precisely this weighted mean age 

from any combination of nine 207Pb/206Pb spot 
ages. Exclusion of the youngest two ages (in 
order to skew the weighted mean age toward 
the oldest possibility) yielded a weighted mean 
of 3713.2 ± 5.7 Ma (2σ), with mean square of 
weighted deviates (MSWD) = 1.3 and probabil-
ity of fit = 0.25; exclusion of only the youngest 
age yielded a weighted mean of 3711.9 ± 5.4 Ma 
(2σ) with MSWD = 1.5 and probability of fit = 
0.15; and inclusion of all ages yielded a weighted 
mean of 3701 ± 21 Ma (95% confidence) with 
MSWD = 13 and probability of fit = 0.00 (all 
results obtained via Isoplot [Ludwig, 2012] and 
confirmed via calculation). The “probability of 
fit” refers to the probability that the errors for 
each individual analysis (i.e., each spot age) 
will have at least the observed amount of scat-
ter (Ludwig, 2012). The calculations suggest 
that for this data set, these probabilities are low. 
Considering this, as well as the small number 
of analyses, these errors are best considered as 
a minimum estimate of the true errors (Ludwig, 
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2012). Therefore, even after excluding outliers, 
the analytical errors may not capture the actual 
uncertainty of the tonalite crystallization age. For 
example, geological error such as complications 
due to multiple Pb loss events could impact the 
age scatter. Therefore, a broader view is viable: 
The results appear to fit well within the broad 
distribution of the ca. 3.7 Ga age peak from 
the Nutman et al. (2013) compilation (Fig. 3A). 
In summary, there is insufficient evidence to 
be certain of the key crosscutting relationship, 
and a conservative evaluation of the geochro-
nological data assigns these results to the ca. 
3.7 Ga age peak.

Three deformation events have been pro-
posed in time windows that overlap with the ca. 
3.69–3.66 Ga period in which north-dipping sub-
duction and collision juxtaposing the two main 
sequences are posited (e.g., Nutman et al., 2013, 
2015b; Nutman and Friend, 2009). First, in the 
northwestern part of the Isua supracrustal belt, 
a panel of metamorphosed banded iron forma-
tion interlayered with felsic schists, all of which 
are sheared, is interpreted as being tectonically 
emplaced (Nutman et al., 2015b). The rationale 
for a tectonic juxtaposition is largely geochro-
nologic: The banded iron formation is taken as a 
younger rock (ca. 3690 Ma) emplaced within a 
sequence of older felsic schists (3724–3712 Ma), 
and thus the tectonic juxtaposition would need 
to be younger than the banded iron formation. 
Specifically, a sample of the banded iron forma-
tion (G07/07, Nutman et al., 2009, their table 1; 
our Figs. 3B–3D) yielded three spot ages from 
one zircon crystal for an interpreted maximum 
depositional age of ca. 3690 Ma, whereas the 
felsic schists yielded 10 spot ages from three 
zircon crystals from two directly adjacent sam-
ples (G05/28 + /29, Nutman et al., 2009, their 
table 1; our Figs. 3B–3D). The 3724–3712 Ma 
ages may inform the crystallization age or 
the maximum depositional age of the felsic 
schist protolith, because it is unclear whether 
the protolith was volcanic or a volcaniclastic 
sedimentary rock (Nutman et al., 2009). In the 
latter case, the protoliths of the metamorphosed 
banded iron formation and felsic schist could 
have been deposited in sequence. Also, it is 
important to note that the 3724–3712 Ma range 
was determined by Nutman et al. (2009) by not 
including younger spot ages obtained from each 
crystal because these ages were interpreted to 
reflect Pb loss. These ages do not appear mark-
edly different in their discordance from older 
analyses, so geological reasons for the spread 
in ages could include U loss or inheritance, in 

1 GSA Data Repository Item 2020114, which contains additional photographs of key geological relationships across the Isua supracrustal belt, as well as a schematic 
geologic map of the belt (modified from text Fig. 1) showing the distribution of shear-sense indicators observed during our field work and the locations of the data re-
pository photographs, is available at http://www.geosociety.org/datarepository/2020, or on request from editing@geosociety.org.

which case, the younger ages would be more 
likely to indicate the crystallization timing (e.g., 
Faure, 1986). Textural setting cannot explain the 
age distinctions because many of the different 
ages come from duplicate SHRIMP spot ages, 
which analyzed the same spot a second time 
after repolishing (Nutman et al., 2009). Further-
more, we note that all but the youngest one of 
these ages fit within the broad ca. 3.7 Ga age 
peak. In summary, the analyses came from a 
small number of zircon crystals (only four), and 
the interpreted age difference between samples 
G07/07 and G05/28 + /29 is the only constraint 
indicating a large displacement here. If this pos-
sible age difference is alternatively considered 
insignificant, net displacement could be modest.

In the second deformation event proposed for 
the ca. 3.69–3.66 Ga period, the whole panel of 
banded iron formation and felsic schist described 
directly above (including samples G07/07 and 
G05/28 + /29) is interpreted as a fault-emplaced 
slice within high Al2O3/TiO2 amphibolite (Nut-
man et al., 2015b). Again, the rationale for 
the proposed tectonism is largely geochrono-
logic: the published interpretation of the first 
rock panel holds that it was assembled after ca. 
3690 Ma, whereas it occurs amidst amphibolite 
with an interpreted best age of 3717 ± 11 Ma 
(2σ) or older, so the age difference would sug-
gest tectonic juxtaposition after ca. 3690 Ma. 
The interpreted best age for the amphibolite is 
the single oldest 207Pb/206Pb spot age measured 
among five spot ages from three zircon crystals 
of meta-leucogabbro sample G07/26 (the gab-
bro protolith is interpreted as a minor lithologic 
component within, and perhaps intruding, the 
pillow basalt protolith of the amphibolite stack; 
Friend and Nutman, 2010). The upper-intercept 
age for a discordia line calculated with all five 
ages is also ca. 3717 Ma, but with a fivefold 
larger error. A nearby portion of the amphibo-
lite pile is also locally crosscut by a 1-m-thick 
meta-tonalitic dike; this dike is dated at 3712 
± 6 Ma (2σ, weighted mean age) via 16 spot 
ages on 15 zircon crystals from sample G07/25 
(Friend and Nutman, 2010). All age constraints 
fit within the ca. 3.7 Ga age peak of Nutman et al. 
(2013; see Figs. 3A and 3D herein). Therefore, 
these data can also be interpreted to represent 
sequential deposition of various protoliths, with-
out tectonism.

A third similar deformation event proposed 
for the ca. 3.69–3.66 Ga period has been inferred 
in northeastern Isua (Friend et al., 2008; Nut-
man et al., 2007, 2015b). Here, high Al2O3/TiO2 
amphibolite, a meta-sedimentary layer (including 

chert, banded iron formation, and sparse car-
bonate), and low Al2O3/TiO2 amphibolite form 
a layered stack that is deformed in folds with 
bull’s-eye map patterns (e.g., Nutman and 
Friend, 2009; see Fig. 1 herein; see also GSA 
Data Repository Fig. DR11). Potential right-way-
up indicators such as proposed stromatolites 
suggest that the low Al2O3/TiO2 amphibolite 
represents the structurally lowest unit, and the 
high Al2O3/TiO2 amphibolite represents the top 
of the stack (Nutman et al., 2016). The age of 
the low Al2O3/TiO2 amphibolite is interpreted to 
be 3709 ± 9 Ma (2σ); this is a weighted mean 
age of the oldest two 207Pb/206Pb spot dates of 
three spot dates on one zircon crystal from 
meta-basalt sample G05/22 of Nutman et al. 
(2010; their table R1; our Fig. 3). The age of the 
metasedimentary sequence is constrained by 24 
spot ages on 19 detrital zircon grains from four 
samples (G04/54 in Nutman et al., 2009; G04/85 
in Nutman et al., 2007; IEh50ch in Nutman et al., 
2009; SM/GR/93/01 in Kamber et al., 2005). The 
individual 207Pb/206Pb spot ages range from 3740 
± 8 Ma (1σ) to 3303 ± 7 Ma (1σ), and grains 
with multiple spot analyses yielded results within 
1σ error overlap ranges (see review by Nutman 
et al., 2009). The age of the metasedimentary 
sequence was taken to be ca. 3690 Ma (Nutman 
et al., 2009, 2015b), consistent with the only sig-
nificant peak in the relative probability spectra 
for all 19 detrital zircon grains (taking weighted 
mean ages for multiply dated grains; Fig. 3E). 
The high Al2O3/TiO2 amphibolite has not been 
dated; its age is assumed to match that of high 
Al2O3/TiO2 amphibolite in the western portion 
of the Isua supracrustal belt, i.e., ≥ 3717 Ma 
(see earlier discussion of sample G07/29 in this 
section). Therefore, the published interpreta-
tions have indicated that older high Al2O3/TiO2 
amphibolite is emplaced atop younger rocks 
along a thrust contact (Friend et al., 2008; Nut-
man et al., 2007, 2015b). However, the age 
control is sparse, and all ages arguably fit the 
ca. 3.7 Ga peak, so the data do not preclude the 
possibility of contiguous sections.

Extensional shearing during ca. 3.66 Ga to 
ca. 3.61 Ga has been proposed based on U-Pb 
zircon and titanite geochronology of meter-scale 
granitic intrusions (e.g., Crowley et al., 2002; 
Nutman et al., 2013). The intrusions are largely 
pre- and/or syndeformational (Crowley et al., 
2002; Nutman et al., 1996, 2000, 2002, 2013), 
with proposed postdeformational sheets hav-
ing relatively young ages (Crowley et al., 2002; 
Friend et al., 2002; Nutman et al., 2002). The 
interpretation that deformation was extensional 
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is based on sparse reports (without orientation 
information) of outcrop-scale structures such as 

“sigmoid shapes” and fracture networks (Nut-
man et al., 2013). However, such features are 
also common in contractional environments, 
where they are associated with general shear 
and intrusion, respectively (e.g., Inger and Har-
ris, 1993; Webb et al., 2011). Therefore, while it 
is clear that deformation postdated at least some 
fraction of the ca. 3.66 Ga to ca. 3.61 Ga period, 
this deformation was not necessarily extensional.

One to four post-Eoarchean tectonic events 
have been tentatively speculated to have inter-
calated younger rocks into the Isua supracrustal 
belt without fundamentally altering the belt 
geometry (Nutman et al., 2009). Metasedi-
mentary samples from four sites, two in the 
ca. 3.8 Ga supracrustal sequence (G07/02 + 04, 
MR81–318) and two in the ca. 3.7 Ga supra-
crustal sequence (G07/27, GGU288626), yielded 
detrital zircon ages younger than 3.66 Ga, and as 
young as ca. 2.5 Ga (Figs. 3B and 3C; Nutman 
et al., 1997, 2009; Nutman and Collerson, 1991). 
Tectonism has been cautiously considered as a 
possible explanation for emplacement of rocks 
with younger ages within the Isua supracrustal 
belt (Nutman et al., 2009), but this is difficult to 
envision given the absence of other indications 
of large-scale translation and disruption across 
the belt after ca. 2.5 Ga. Alternatively, Pb loss 
can account for the young ages.

Geochronology of mineral-isotope systems 
other than U-Pb zircon is relatively sparse and 
generally constrains post-Eoarchean static meta-
morphism and/or cooling, but Sm-Nd garnet 
geochronologic data have been interpreted to 
record Eoarchean static metamorphism. There 
is general agreement that the belt experienced 
two major medium- to high-temperature meta-
morphic events: (1) an Eoarchean syntectonic 
metamorphism, which developed concurrently 
with observed foliations and lineations in the belt, 
with a minimum age of ca. 3.5 Ga determined 
via dates of the weakly deformed Ameralik 
dikes intruding the belt (Nutman et al., 2004); 
and (2) an apparently static Neoarchean event 
recognized in posttectonic garnet rims (Rollin-
son, 2002, 2003) and lower-amphibolite-facies 
assemblages overprinting the igneous fabrics of 
the Ameralik dikes (Nutman et al., 2004, 2013). 
However, Blichert-Toft and Frei (2001) inter-
preted an Sm-Nd garnet isochron age of 3714 
± 24 Ma for posttectonic garnets in ca. 3.8 Ga 
supracrustal rocks. This date conflicts with the 
findings noted above, i.e., that ca. 3.66 Ga to 
ca. 3.61 Ga granitic intrusions (dated via U-Pb 
zircon and titanite geochronology) are largely 
pre- and/or syndeformational (Crowley et al., 
2002; Nutman et al., 1996, 2000, 2002, 2013), 
with potentially postdeformational sheets having 

relatively young ages (Crowley et al., 2002; 
Friend et al., 2002; Nutman et al., 2002). The 
assumption underpinning the Sm-Nd garnet iso-
chron age may be in error, because the age was 
derived from garnets from a subset of four sam-
ples that were assumed to have equilibrated via 
a homogeneous fluid that affected the entire belt, 
such that their isotopic composition would have 
evolved from the same initial ratio (Blichert-
Toft and Frei, 2001). The −14 initial εNd value 
that Blichert-Toft and Frei (2001) calculated for 
the homogeneous fluid suggests an early dif-
ferentiated crust, in contrast to isotopic studies 
showing that the tonalites are primary, nearly 
noncontaminated melts with (super)chondritic 
Nd values (e.g., Hoffmann et al., 2014; Gardiner 
et al., 2019), i.e., of a primary crust. Additional 
potential metamorphic age constraints include: 
(1) ca. 3.6 Ga U-Pb ages of titanite in the north-
ern 3.7 Ga tonalites, which may reflect cooling 
or metamorphism (Crowley et al., 2002); (2) a 
ca. 2.8 Ga Lu-Hf isochron age of posttectonic 
garnets from supracrustal rocks, primarily from 
the 3.8 Ga supracrustal rocks (Blichert-Toft and 
Frei, 2001); and (3) a ca. 2.8 Ga Sm-Nd isochron 
age of 3.8 Ga meta-basalt, with the isotopic bud-
get largely controlled by secondary allanite (Frei 
et al., 2002).

FIELD-BASED METAMORPHIC AND 
STRUCTURAL OBSERVATIONS

We conducted field exploration of the Isua 
supracrustal belt, with logistical constraints 
limiting most of our observations to the north-
eastern portion of the belt. Although the main 
thrust of our work was a sampling campaign in 
support of future analytical studies, our field-
based observations centered on metamorphic 
grade variability and strain concentration in 
terms of shear sense, magnitude, and struc-
tural style. These foci were chosen because 
metamorphic and strain evidence has been 
variously interpreted in support of the differ-
ent plate-tectonic models for the development 
of the Isua supracrustal belt. Models in which 
the supracrustal belt represents an accretionary 
prism developed along a south-dipping subduc-
tion zone (Fig. 2B) include testable predictions 
of (1) a northeastward decrease in prograde 
metamorphic conditions experienced across the 
northeastern portion of the belt, from amphibo-
lite facies to greenschist facies (e.g., Arai et al., 
2015; Komiya et al., 1999), and (2) dominant 
top-to-the-north shearing along discrete thrust 
faults, potentially including a structurally high, 
thrust-parallel, top-to-the-south normal fault 
system accommodating wedge extrusion (a la 
Chemenda et al., 1995). Models in which the 
belt records the collision and underthrusting 

of a ca. 3.8 Ga proto-arc beneath a ca. 3.7 Ga 
proto-arc (Fig. 2A) include testable predic-
tions of (1) strain concentrations along major 
shear zones and patches of distinctly low strain 
in which primary structures are preferentially 
preserved, and (2) complex multiphase deforma-
tion including early isoclinal folds and multiple 
layer-emplacement/interleaving events along 
various thrust and extensional shear zones (e.g., 
Nutman et al., 2002, 2015c; Nutman and Friend, 
2009). By exploring the field evidence related to 
these predictions, we could examine the viabil-
ity and uniqueness of each model.

The supracrustal protolith lithologies 
observed are consistent with earlier studies (e.g., 
Komiya et al., 1999; Nutman and Friend, 2009): 
ultramafic and mafic igneous rocks, including 
pillow volcanics (Fig. 4A; Data Repository 
Figs. DR1 and DR2A); felsic volcanic and/or 
volcaniclastic rocks; and chert, banded iron for-
mation, and minor carbonates. However, our 
field observations contradict prior work assert-
ing that prograde metamorphism dominates and 
prograde conditions decrease from amphibolite 
facies in the southwest to greenschist facies in 
the far northeast, as recorded by mineralogical 
changes such as the absence of garnet in the far 
northeast (Arai et al., 2015; Hayashi et al., 2000; 
Komiya et al., 1999). We found exposures of 
garnet in the far northeast (Fig. 4B; Data Repos-
itory Figs. DR2B and DR2C), suggesting that 
roughly consistent prograde amphibolite-facies 
metamorphism was experienced by the entire 
belt. Furthermore, we observed that the intensity 
and extent of retrograde metasomatic alteration 
increase toward the northeast, as recorded by 
increasing density of quartz-calcite veining and 
associated alteration in that area (Fig. DR2D). 
These veins clearly crosscut the foliation 
(Fig. DR2C), and the samples associated with 
them show low-temperature retrogression. 
Petrographic analysis of the samples revealed 
late chlorite crosscutting and mimicking the 
foliation via the chloritization of mafic minerals 
(Fig. 4C; Fig. DR2C). This would suggest that 
the strongly foliated chlorite reported in the low- 
and medium-low-temperature zones of the belt 
(Arai et al., 2015) might not be representative 
of the peak metamorphism, but rather a product 
of late low-temperature overprinting. Therefore, 
proposed decreases in prograde metamorphic 
facies in the northeasternmost region may instead 
reflect increased intensity of retrogression.

Across contacts previously proposed to 
represent mylonitic shear zones concentrat-
ing strain, we observed that lithologies display 
similar structural and metamorphic patterns 
(Fig. DR2E). Areas previously proposed to pre-
serve low strain, such as sites where deformed 
pillow lavas can be observed, show the same 
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foliations and intense stretching lineations as 
elsewhere (Fig. 4A; Figs. DR2A and DR2F). 
Therefore, in contrast to prior interpretations, 
we consider it viable that overall strain is nearly 
uniform across the supracrustal belt. A recent 
dialectic over postulated preservation of stro-
matolites at Isua confirms that primary structures 
can be only locally preserved in detectable form 
even within a quasi-uniform overall strain field, 
due to such aspects as fold-nose preservation and 
the need for observation surfaces perpendicular 
to lineation (see Allwood et al., 2018; Nutman 
et al., 2016, 2019).

Consistent with previous observations (e.g., 
Hanmer and Greene, 2002; Komiya et al., 
1999), both top-to-the-NW shearing and top-
to-the-SE shearing were observed without a 
systematic spatial distribution at kilometer scale 
(Figs. DR1 and DR2G). Outcrop-scale sheath 
and curtain folds (i.e., a-type folds, with fold 

axes parallel to the regional stretching lineation, 
Fig. 1) are common (Figs. DR2F and DR2H) and 
may be representative of larger-scale structural 
patterns. (Sheath folds are so named because 
they resemble the elongated sheath for a sword. 
Sheath folds can feature consistent or opposite 
shear sense indicators in opposing limbs, and 
these and other a-type folds are generally, but 
not exclusively, indicative of high strain. For 
more information and visualizations, see Alsop 
and Holdsworth [2012] and Wex et al. [2014].) 
Kilometer-scale folds in northeastern Isua (Nut-
man and Friend, 2009) show bull’s-eye patterns 
consistent with sheath folding (Fig. DR1). To 
test whether the entire supracrustal belt may 
share a similar a-type fold geometry, we deter-
mined the dominant foliations of each portion of 
the belt in ~3 km increments, as taken from our 
data and published maps (Keto and Kurki, 1967; 
Nutman and Friend, 2009). These orientations 

of the kilometer-scale rock panels that define 
the curves of the Isua supracrustal belt intersect 
in stereographic projection space along a line 
parallel to the regional stretching lineation, con-
sistent with an interpretation that the entire belt 
represents a curtain fold with the intersection 
line as the fold axis (Fig. 1; Fig. DR1). Obser-
vations of outcrop-scale discrete faults (Komiya 
et al., 1999; see also Fig. DR2F here) and mul-
tiple shear senses (Figs. DR1 and DR2G) can 
likewise be interpreted as components within 
a-type fold development (e.g., cf. Alsop and 
Holdsworth, 2012; Cobbold and Quinquis, 1980; 
Wex et al., 2014). The amplitude and wavelength 
of the folded Isua supracrustal belt are at the 
104 m scale. Therefore, if the belt does represent 
an a-type fold, it is likely the largest a-type fold 
exposed on Earth, with concomitant implica-
tions for the thickness and strain distribution of 
the early lithosphere.

A.i.

A.ii. A.iii.

B.

view to SE (145°), looking down 50°

view to NW (330°), looking down 10°

C. plane polarized light. C. crossed polarized light.

100 μm 100 μm

Chl

Bt

Ilm

Qz
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Bt

Ilm

Qz

Figure 4. Key structural and meta-
morphic observations along the 
northeastern Isua supracrustal belt. 
Photograph locations are noted in 
Figure 1. (A) Metamorphosed and 
strained pillow lavas do not pre-
serve significantly lower strain 
versus the bulk of the belt; the 
same penetrative lineation per-
vades the belt. View (i) looks 
down the lineation direction, with 
dark ellipses marking the meta-
morphosed rims of pillows (6 in. 
[15 cm] red-tinted ruler for scale). 
View (ii) looks perpendicular to 
the foliation and lineation (6 in. 
[15 cm] red-tinted ruler for scale, 
in the same location as in part i.). 
Annotated inset (iii) highlights the 
lineation visible in (ii). (B) Garnet-
bearing mafic schists occur in the 
far northeastern part of the Isua 
supracrustal belt, demonstrating 
that amphibolite-facies prograde 
conditions were experienced by 
the entire belt (hand lens for scale). 
Red garnets occur in layers in the 
left and right thirds of the image. 
(C) Chlorite crosscutting biotite 
in garnet-bearing mafic schists of 
the northeastern Isua supracrustal 
belt, indicating retrogression.

Downloaded from https://pubs.geoscienceworld.org/gsa/lithosphere/article-pdf/12/1/166/4952500/166.pdf
by guest
on 07 April 2020

https://www.geosociety.org
https://pubs.geoscienceworld.org/lithosphere
http://www.gsapubs.org


Geological Society of America  |  LITHOSPHERE  |  Volume 12  |  Number 1  |  www.gsapubs.org� 175

WEBB ET AL.  |  Non–plate tectonics at the Isua supracrustal belt	 RESEARCH

NEW MODEL FOR THE ASSEMBLY 
AND DEFORMATION OF THE ISUA 
SUPRACRUSTAL BELT

Non–plate tectonic models for the develop-
ment of the Isua supracrustal belt are viable 
because the protolith lithologies at Isua are com-
mon to all >3.2 Ga greenstone belts, prograde 
amphibolite-grade metamorphism appears to be 
uniform across the belt, and pervasive sheath 
folding may have dominated the structural 
development. A simple interpretation for the 
assembly of the Isua supracrustal belt stratig-
raphy is that the ca. 3.7 Ga supracrustal rocks 
may have been deposited in sequence atop the 
ca. 3.8 Ga supracrustal rocks. This in turn allows 
a correspondingly simple structural model, in 
which all rocks older than the ca. 3.66–3.60 Ga 
granites have been flattened and stretched within 
sheath and curtain folds at outcrop to regional 
scales. Thus, the main stages of Eoarchean 
regional tectonic evolution would have pro-
ceeded as: (1) deposition of the ca. 3.8 Ga 
supracrustal sequence; (2) intrusion of the ca. 
3.8 Ga supracrustal sequence by ca. 3.8 Ga 
TTGs (largely tonalitic); (3) deposition of the 
ca. 3.7 Ga supracrustal sequence; (4) intrusion 
of the ca. 3.7 Ga supracrustal sequence by ca. 
3.7 Ga TTGs (largely tonalitic); and (5) amphib-
olite-facies metamorphism contemporaneous 
with regional flattening and stretching in sheath 

and curtain folds, likely within a larger shear 
zone, concluding with (or followed by) intrusion 
of ca. 3.66–3.60 Ga granite (Fig. 5).

In this model, crustal motion was domi-
nated by vertical advection. For instance, both 
TTG bodies were intruded at roughly the same 
depth below the surface, but intrusion of simi-
lar TTG bodies at vertically separated crustal 
levels occurred because deposition of the ca. 
3.7 Ga sequence and corresponding evacuation 
of underlying mantle source regions pushed 
down the older rocks, including the 3.8 Ga 
TTG body, relative to Earth’s surface. This rapid 
downward advection also strongly limited burial 
metamorphism by rapid burial of cold (near-)
surface temperatures, chilling the geotherm (cf. 
Moore and Webb, 2013). Thinning during the 
deformation event was dramatic: for example, 
the preserved portion of the ca. 3.7 Ga sequence, 
which now ranges from a few hundred meters 
up to ~2.7 km in thickness, would have been 
as thick as ~10 km prior to regional flattening. 
This is consistent with published outcrop-scale 
thinning estimates of 80%–90% (Fedo, 2000; 
Furnes et al., 2007).

DISCUSSION AND CONCLUSIONS

To address whether the Isua supracrustal belt 
is the single terrane older than 3.2 Ga requiring 
plate tectonics, as described in prior north- and 

south-dipping subduction models, or if it could 
also be viably interpreted via non–plate tectonic 
models, we (1) critically analyzed descriptions 
of published geochronology, focusing on U-Pb 
zircon age determinations and associated field 
relationships previously interpreted to reveal 
multiple episodes of plate-tectonic activity, 
and (2) conducted reconnaissance field-based 
examination of metamorphic and structural 
relationships across the belt. We found that: 
(1) Published field relationships with associated 
geochronological data proposed to record multi-
ple distinct deformation events and differentiate 
them in time within the context of the north-
dipping subduction model (e.g., Nutman et al., 
2015b; Nutman and Friend, 2009) instead lack 
sufficient field and age constraints to uniquely 
support many of the claims. (2) Variable 
amounts of fluid flow resulting in a north-
eastward increase in the extent of retrograde 
metasomatism offer an alternative explanation 
for observations previously interpreted (Arai 
et al., 2015; Komiya et al., 1999) as a north-
eastward decrease in metamorphic grade and 
extrusion within the context of the south-dip-
ping subduction model. (3) In contrast to strain 
concentrations via mylonitic shear zones and/or 
duplex systems predicted in plate-tectonic mod-
els, the strain may be quasi-uniform throughout 
the Isua supracrustal belt, with multiscale a-type 
folding extending even to the 104 m scale of the 
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Figure 5. Vertical tectonics model for the Eoarchean development of the Isua supracrustal belt. (A) Rapid volcanism and concomitant burial 
of lithosphere composed largely of similar basaltic materials at ca. 3.80 Ga leads directly to (B) partial melting at depth, producing tonalitic 
melts that rise to intrude the ca. 3.80 Ga supracrustal sequence in sill geometries, forming large-scale ca. 3.80 Ga plutonic rocks. Second-
order details and possibilities that are not shown include extrusive volcanism of some tonalitic melts to form felsic volcanic rocks, repeated 
volcanic and burial events within a time frame that appears unitary in the resolving power of U-Pb zircon geochronology, and the deposition 
of a relatively thin layer of sediment in the interim between 3.8 Ga and 3.7 Ga (which is later represented by the dividing sedimentary unit 
of Nutman et al., 2009). (C–D) Repetition of this cycle of volcanism, burial, and intrusion at ca. 3.70 Ga. The resultant post–3.7 Ga geometry 
features a layer-cake supracrustal/plutonic rock stratigraphy with ca. 3.7 Ga supracrustal rocks intruded by a layer dominated by ca. 3.7 Ga 
plutonic rocks stacked atop a similar set of ca. 3.8 Ga rocks. (E) This layer-cake stratigraphy is subjected to penetrative shearing and associ-
ated thinning within a shear zone, here speculated to be contractional. The quasi-uniform strain recorded across the supracrustal belt reflects 
a preserved fragment of an a-type fold system within the postulated shear zone. The geometry of the a-type folding shown here is inspired 
by detailed three-dimensional analysis by Wex et al. (2014) of a natural example of such structures. The extent of thinning is consistent with 
published estimates from outcrop-scale analyses (Fedo, 2000; Furnes et al., 2007).
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entire warped belt. The Isua supracrustal belt 
can therefore be viably interpreted as Earth’s 
largest known exposed a-type fold. On the bases 
of these findings, we propose a new tectonic 
model involving two cycles of volcanism and 
burial resulting in melting and TTG intrusion, 
which collectively produced the supracrustal 
belt protoliths and adjacent TTG bodies, fol-
lowed by a major shear event, which produced 
the Isua a-type folding.

A series of implications for early Earth 
development follows from this new model. First, 
because the Isua supracrustal belt can be inter-
preted via vertical stacking without a suture 
zone, dominantly horizontal/plate tectonics are 
not required to understand any terranes older 
than 3.2 Ga. The regional tectonic event prior to 
3.66–3.60 Ga granitic intrusion, which featured 
amphibolite-facies metamorphism and dramatic 
deformation, could be interpreted in plate-tec-
tonic context. However, vertical tectonics can 
also create large-scale crustal deformations 
in response to radial constriction, such as the 

~20-km-high mountains developing on Jupi-
ter’s volcanic moon Io, i.e., the solar system’s 
example of active heat-pipe vertical tectonics 
(e.g., McKinnon et al., 2001). It follows that 
Earth may not have experienced plate tectonics 
for the first third of its history. Second, the Isua 
record suggests faster downward vertical advec-
tion of crust at ca. 3.8–3.7 Ga as contrasted to 
rates at the similar ca. 3.55–3.2 Ga Barberton 
and Pilbara greenstone belts of South Africa and 
Australia, respectively. This inference is drawn 
from the observation that the ca. 3.7 Ga TTG 
body at Isua was intruded into a higher portion 
of the crustal section versus the ca. 3.8 Ga TTG 
body, whereas at the younger terranes, TTG 
intrusions with similar temporal separation were 
intruded at the same crustal horizons (e.g., Van 
Kranendonk et al., 2007). If TTGs intruded at 
3.8 Ga and 3.7 Ga at the same depth below an 
Earth surface of roughly constant elevation, the 
implied rate of lithospheric downward advec-
tion for this period is roughly 0.2 mm yr–1, as 
calculated from the inferred thickness of the 
ca. 3.7 Ga supracrustal sequence versus the 
100 m.y. interval (note that TTG bodies rep-
resent lithospheric melts [Moyen and Martin, 
2012] and thus would not have contributed to 
overall lithospheric downward advection). Simi-
lar analyses of Barberton and Pilbara geology 
yielded lithospheric downward advection rates 
of 0.03, 0.07, and 0.12 mm yr–1 for the period of 
ca. 3.55–3.2 Ga at Barberton, the same period at 
Pilbara, and only the ca. 3.55–3.45 Ga period at 
Pilbara, respectively (Moore and Webb, 2013). 
Third, this slowdown of volcanism and cor-
responding lithospheric downward advection 
could have occurred gradually, or it may reflect 

a stepped transition associated with a rapid sub-
duction catastrophe. Prior studies suggest that 
in such a scenario, mantle convective forcing 
would have overcome the strength of a single 
plate lithosphere, involving this lithosphere in 
the convection process (e.g., Kankanamge and 
Moore, 2016; Moore and Webb, 2013; Moresi 
and Solomatov, 1998). Once involved, a large 
fraction of the existing lithosphere would have 
rapidly subducted due to its weight and been 
replaced by juvenile lithosphere of sufficient 
youth and corresponding buoyancy to resist 
subduction, thereby temporarily reestablishing 
a single plate lithosphere (presumably cooling 
via hot stagnant lid, plume-dominated cooling, 
as described in Lenardic’s [2018] classification 
scheme). Future work may examine possible 
tectonic evolutions, such as (1) if the Isua rocks 
represent the workings of an early single plate 
lithosphere exclusively, with the Eoarchean 
shearing representing an Io-analogous shorten-
ing event, or (2) if the deformation experienced 
at Isua between 3.7 Ga and 3.66–3.60 Ga 
records a crustal response to a subduction epi-
sode, and the Barberton and Pilbara greenstone 
belts reflect the renewed, slower development 
of a single plate lithosphere.

The pulses of high-volume volcanism 
implied by the new model appear dramatically 
nonuniformitarian and thus difficult to visualize. 
The model involves deposition of over 25 km of 
mafic and felsic volcanic rocks in a brief period 
(up to ~10 m.y.?), followed by ~100 m.y. of qui-
escence, and then a similar pulse of volcanism. 
Comparisons to the geologies of Io, Barberton, 
and Pilbara offer a degree of reassurance. Io is 
observed to deposit new volcanic material at a 
globally averaged rate of roughly a centimeter 
per year (O’Reilly and Davies, 1981; Carr et al., 
1998), i.e., dramatically faster than the 0.2 mm 
yr–1 rate indicated for Isua by the new model. 
Nonetheless, even at Io, there are clear periods 
of quiescence, as the surface shows an anti-
correlation of volcanic centers with mountain 
belts (McKinnon et al., 2001). The somewhat 
slower rates of volcanic resurfacing observed 
at Barberton and Pilbara were accomplished in 
similar pulses, with intervening periods of qui-
escence ranging from roughly 30 to 100 m.y. 
(e.g., Van Kranendonk et al., 2007; Byerly et al., 
2019). Therefore, the proposed Isua volcanism 
is consistent with observed patterns. The distinct 
rates differentiating Isua from Barberton and 
Pilbara imply that Earth’s mantle was warmer 
at ca. 3.8–3.7 Ga versus ca. 3.5–3.2 Ga, which 
seems a reasonable inference given decaying 
radioactive heat sources.

This work fits within the larger context of 
growing awareness that terrestrial bodies in our 
solar system, and likely beyond, have experienced 

similar early evolutions: from magma oceans to 
heat-pipe single plate cooling, followed in most 
cases by transitions to plate-tectonic, stagnant 
lid, and/or episodic overturn cooling (Beall et al., 
2018; Moore et al., 2017; Ricard et al., 2014). 
This new understanding of the evolution of the 
Isua supracrustal belt, together with established 
knowledge about the Barberton and Pilbara green
stone belts, indicates that Earth experienced either 
heat-pipe cooling or episodic overturn cooling 
during the Eoarchean and Paleoarchean. It fol-
lows that study of early Earth terranes can be 
considered increasingly useful for comparative 
planetology, both in terms of records of crust-
mantle interaction and astrobiology—and such 
exploration is cost-effective versus rovers.
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