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ABSTRACT
The Iapetus Ocean opened during the breakup of Rodinia by the separation of the ma-

jor continental blocks of Laurentia (LA), Baltica, and Amazonia (AM). Relics of protracted 
continental extension to rifting from 750 to 530 Ma are observed along those continental 
margins, including two distinct phases of rifting: (1) at 750–680 Ma, and (2) at 615–550 Ma. 
Conventionally, the second phase is thought to have led to the opening of the Iapetus, while 
the first phase marked a failed rifting attempt. We challenge this concept on the basis of a 
new review of the geological observations from those margins and propose the successive 
opening of two “Iapetan” ocean basins. First, a “Paleo-Iapetus” opened between LA and AM 
at ca. 700 Ma, followed by the opening of the “Neo-Iapetus” at 600 Ma, which led to the final 
disaggregation of the supercontinent Rodinia. This scenario better explains the absence of the 
second rifting phase in western AM, as well as an otherwise enigmatic late Neoproterozoic 
detrital zircon age fraction in Phanerozoic sediments along that margin. We further propose 
that the opening of the Neo-Iapetus led to the detachment of small terranes from LA and 
their drift toward AM, following subduction of the Paleo-Iapetus mid-ocean ridge and the 
arrival of a mantle plume around 615 Ma. This could be a direct, deep-time analog of the 
opening of the Neo-Tethys Ocean in the late Paleozoic.

INTRODUCTION
In 1966, J. Tuzo Wilson famously posed 

the question “Did the Atlantic close and then 
re-open?” (Wilson, 1966). This established the 
conceptual groundwork for the idea of a cycli-
cal opening and closing of ocean basins that has 
now become central to plate tectonics (the Wil-
son cycle). The monumental leap forward that 
Wilson presented was that some other ocean had 
closed before the Atlantic opened—the ocean 
we now know as the Iapetus (Harland and Gayer, 
1972).

The Iapetus formed during the breakup of 
Rodinia, the geometry of which is still debated 
(see the review in Merdith et al. [2017]). In the 
most accepted configuration of Rodinia, the 
Iapetus opened by the three-way separation of 
the continents of Laurentia (LA), Baltica (BA), 
and Amazonia (AM) and marked the terminal 
stage of breakup of the supercontinent (Fig. 1; 
Hoffman, 1991; Li et  al., 2008). Prevailing 
conceptual models of that opening envision the 
breakup of all three continents over the time in-
terval 615–550 Ma by the formation of a ridge-
ridge-ridge triple junction, possibly instigated 

by a plume (Tegner et al., 2019). One ridge axis 
formed between LA and BA, another formed be-
tween LA and AM, and the third axis opened the 
Tornquist Sea between BA and AM. However, 
that model struggles to explain several signifi-
cant observations that we argue instead suggest 
the successive opening of two “Iapetan” ocean 
basins, starting at ca. 700 Ma.

MULTIPLE PHASES OF RIFTING IN 
LAURENTIA

Along eastern LA (present-day coordinates), 
Neoproterozoic magmatism that has been attrib-
uted to predrift rifting stretches over 200 m.y., 
from ca. 750 to 550 Ma, but it appears to be 
restricted to two pulses: one from ca. 750 to 
680 Ma, and a younger phase from ca. 615 to 
550 Ma (Fig. 1; e.g., Aleinikoff et al., 1995). A 
rift-to-drift transition marked by the replacement 
of synrift clastic sequences by passive-margin 
successions is only known from the Cambrian 
(Williams and Hiscott, 1987), so it has com-
monly been assumed that the earlier phase of 
magmatism was the expression of a failed rift 
attempt (Aleinikoff et al., 1995). However, the 
Cambrian timing of the rift-to-drift transition 
along eastern LA does not seem likely to have 
marked the opening of the Iapetus itself, as 

paleomagnetic data suggest that LA, AM, and 
BA must have already been significantly sep-
arated by the start of the Cambrian (Cawood 
et al., 2001; Robert et al., 2018). Cawood et al. 
(2001) proposed that continental separation had 
already occurred by ca. 570 Ma, perhaps insti-
gated by the eruption of the Central Iapetus mag-
matic province (CIMP) at 615 Ma (Tegner et al., 
2019). The continuation of rifting into the earli-
est Cambrian and the eventual rift-to-drift tran-
sition that is preserved along eastern LA were 
therefore reinterpreted as marking the opening 
of a narrow seaway between LA and a continen-
tal ribbon, called Dashwoods (Cawood et al., 
2001; Waldron and van Staal, 2001). Some tens 
of millions of years after that seaway opened, it 
collapsed—re-accreting the Dashwoods ribbon 
continent to the Laurentian autochthon during 
the Taconic orogeny. If the establishment of the 
Cambrian passive margin of eastern LA marked 
the opening of a narrow seaway, and not the rift-
to-drift transition associated with the birth of 
the main Iapetus Ocean (and no earlier passive-
margin deposits are known), how do we really 
know the age of Iapetus Ocean opening? Could 
the earlier 750–680 Ma magmatic pulse along 
LA have been successful after all?

BALTICA-LAURENTIA CONNECTIONS
The margins of Scotland-Ireland (which were 

part of northeast LA prior to Atlantic opening) 
and west BA (present-day coordinates) are con-
sidered to have been conjugate margins before 
Iapetus opening, according to conventional recon-
structions of Rodinia (Hoffman, 1991). Accord-
ingly, those margins display a similar geological 
evolution from ca. 750 to 600 Ma, characterized 
by the deposition of thick siliciclastic successions 
in the Cryogenian–Ediacaran (e.g., Seve Nappe 
Complex in Norway and Sweden, and the Dal-
radian Supergroup in Scotland-Ireland) and the 
appearance of rift-related magmatism in the early 
to mid-Ediacaran (ca. 620–590 Ma; Stephenson 
et al., 2013; Kjøll et al., 2019). Together with 
sparse paleomagnetic constraints (Murthy et al., 
1992; Walderhaug et al., 2007), the common *E-mail: boris.robert@geo.uio.no
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geological evolution of northeast LA and west 
BA are consistent with those continents having 
remained connected until a 615–600 Ma breakup 
with the arrival of the CIMP.

EVIDENCE OF RIFTING ALONG WEST 
AMAZONIA

Cryogenian to early Ediacaran ties between 
eastern LA and western AM (present-day co-
ordinates) are not clear. In fact, Cryogenian to 
early Ediacaran rocks are virtually unknown 
from the western part of the AM craton (Fig. 1). 
However, to the west of the craton proper, base-
ment inliers of late Mesoproterozoic–early Neo-
proterozoic age (1.2–0.9 Ga) that have been 
correlated with the 1.2–0.9 Ga Sunsas Province 
of AM are found in the Eastern Cordillera of 
Peru, suggesting direct ties to the AM craton 
(Mišković et al., 2009). The Eastern Cordillera 
also hosts Neoproterozoic granitoids (ca. 750–
690 Ma) that have been identified as A-type, 
anorogenic granitoids related to continental 
breakup (Mišković et al., 2009). In the same 
area of the Eastern Cordillera, isolated meta-
morphosed ultramafic bodies (718 ± 47 Ma) 
have been interpreted as dismembered ophiol-
itic slices (Tassinari et al., 2011).

To the south of the Eastern Cordillera of Peru, 
distinct Precambrian massifs of the Arequipa-
Antofalla block (AAB) of southern Peru, western 
Bolivia, and northern Chile host Neoproterozoic 
volcanic-volcaniclastic rocks and ca. 635 Ma da-
cite dikes (Loewy et al., 2004). The Precambrian 
relationship between the AAB and the AM craton 
remains uncertain. On the basis of their differing 
Paleoproterozoic histories, Loewy et al. (2004) 
argued that the AAB was not affiliated with AM 
at 2.0–1.8 Ga. However, the block must have 
been proximal to western Gondwana at least 

by the early Paleozoic because the late Cam-
brian–Silurian Famatinian volcanic arc crosses 
through both the Antofalla and Arequipa Massifs, 
tying them to the active margin of proto–South 
America by that time (Ramos, 2018).

CLUES FROM DETRITAL ZIRCONS
The metamorphic rocks that comprise the 

bulk of the Eastern Cordillera of Peru, collec-
tively referred to as the Marañon Complex, were 
previously thought to represent exposures of Pre-
cambrian basement, but detrital zircon studies 
have indicated that they were mostly deposited 
during the Ordovician and Carboniferous (al-
though poor upper age constraints on the oldest 
units allow for the possibility that they could 
be Cambrian or Neoproterozoic; Cardona et al., 
2009). The detrital zircon (DZ) populations of 
those metamorphic rocks and other Paleozoic 
sedimentary rocks of the Eastern Cordillera have 
a characteristic age distribution with prominent 
peaks at 1.3–0.9 Ga and 650–450 Ma (Chew 
et  al., 2008). A similar distribution has also 
been reported from Paleozoic metasedimentary 
rocks in the Central and Eastern Cordillera of 
Colombia and the Mérida Andes of Venezuela 
(Fig. 2), which also host Precambrian basement 
inliers that are thought to be correlative with the 
AM craton. As noted by Chew et al. (2008), the 
older of those two age fractions likely was de-
rived from the Sunsas province of the AM cra-
ton. Likewise, the 500–450 Ma zircons can be 
easily explained as products of the subduction-
related Famatinian magmatic belt that spanned 
the proto-Andean margin in late Cambrian to 
Silurian time (Ramos, 2018). However, the 650–
500 Ma population is unexpected because it has 
no obvious source in western AM. Chew et al. 
(2008) entertained three possibilities to explain 

that age fraction: (1) it was derived from local, 
rift-related magmatism; (2) it was sourced from 
the Brasiliano orogenic system, which was ac-
tive at that time on the opposite side of the AM 
craton, and in particular the Brasília belt, which 
contains 0.9–0.48 Ga magmatic rocks (Fig. 2B; 
Pimentel et al., 1999); or (3) it was generated 
from a local (west Amazonian) active margin 
(Fig. 2C).

CRYOGENIAN LAURENTIA-
AMAZONIA BREAKUP?

The possibility that the late Neoproterozoic 
zircons were generated by magmatism associ-
ated with an Ediacaran rifting event between 
LA and AM is problematic because no in situ 
remnants of such magmatism have been reported 
from west AM. Moreover, rift-related magma-
tism is usually dominated by compositionally 
basic products that do not produce abundant 
zircon (Cawood et al., 2012); therefore, this 
scenario is unlikely.

In the second scenario (Fig. 2B), sediment 
transport likely traversed wide swaths of the AM 
craton and would be expected to reflect such 
a provenance. However, the DZ data set only 
shows a minor age fraction corresponding to 
the AM craton, in particular, from the Central 
Amazonian Province (older than 2.3 Ga). That 
incongruity could invalidate this scenario, unless 
the AM craton was a peneplain at that time, or 
the drainage networks skirted the craton (Chew 
et al., 2008). Another challenge to this second 
scenario is presented by the observation that 
the DZ age populations of some Ordovician–
Silurian sediments deposited in close proximity 
to the then-active Famatinian volcanic arc are 
dominated by the late Neoproterozoic age frac-
tion (Chew et al., 2008). It is striking that the 
late Neoproterozoic age fraction is often more 
pronounced than those corresponding to the 
then-active arc—especially if the former was 
distally sourced, and the latter was proximal.

Further problems arise if scenario 2 is con-
sidered in the greater paleogeographic context 
of the conventional LA-AM breakup model (Ca-
wood et al., 2001). Because Brasiliano orogenesis 
ended in the Cambrian (Pimentel et al., 1999), and 
the Famatinian volcanic arc initiated in the latest 
Cambrian–earliest Ordovician (Ramos, 2018), the 
regional topography likely had opposing drain-
age from east to west (present-day coordinates) 
from that time. The occurrence of the late Neopro-
terozoic zircons within Ordovician and younger 
rocks, therefore, almost certainly required recy-
cling of older, local sedimentary rocks, rather than 
a direct transport of material from the Brasiliano 
system. However, such re-sedimentation would 
require that the volume of sediment that was shed 
westwards prior to the erection of the Famatinian 
arc must have been substantial, given that Ordovi-
cian and Silurian deposits near the Famatinian arc 
remained dominated by those recycled materials 

Figure 1.  Delimitation 
of rift-related magmatic 
pulses at 750–680 Ma 
(purple) and 615–550 Ma 
(red) in Laurentia (LA), 
Amazonia (AM), and Baltica 
(BA). See Figure S1 (see 
footnote 1) for a detailed 
compilation of magmatic 
events. Reconstruction of 
Rodinia is slightly modi-
fied from Li et al. (2008); 
AM and BA are moved 
slightly southward to take 
into account the pre-Scan-
dian extent of west BA, 
and to include the small 
terranes between LA and 
AM. Esp—Eastern Sierras 
Pampeanas; Wsp—West-
ern Sierras Pampeanas; 
AAB—Arequipa-Anto-
falla block; RP—Rio de 
la Plata; Dr—Dashwoods 
ribbon; Y—Yucatan; S—
Sierra Madre; M—Mixteca 
Oaxaca.
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(Chew et al., 2008). Consequently, if the westward 
transport of such abundant detritus was already 
occurring before the proposed breakup of LA and 
AM, a similar age fraction could be expected in 
eastern LA. Brasiliano detritus could have spread 
across the AM craton following collision of AM 
and São Francisco at ca. 630 Ma (Pimentel et al., 
1999; a much younger collision of those blocks 
in the Cambrian has been proposed, but remains 
controversial—Trindade et al., 2006). That would 
allow ∼30–60 m.y. for zircons to be liberated and 
transported westward before continental breakup 
at 600–570 Ma. Yet, the DZ records of Ediacaran–
Cambrian sedimentary rocks from eastern North 
America do not exhibit a significant late Neopro-
terozoic age fraction (Fig. 2A). One interpretation 
of that absence is that LA and AM broke apart pri-
or to 600–570 Ma. In that case, the occurrence of 
ca. 750–690 Ma rift-related magmatism observed 
in both LA and AM could reflect their breakup 
in the Tonian–early Cryogenian, with some ear-
ly relics of that extension being preserved as ca. 
718 Ma ophiolitic slices in west AM.

EDIACARAN SUBDUCTION AND A 
SECOND “IAPETAN” OPENING: A 
TETHYAN ANALOG?

A separation of LA and AM at ca. 700 Ma 
would have allowed ample time for the 
continents to drift far apart before the initiation 
of a subduction zone along AM by ca. 650 Ma, 

as in scenario 3 (Fig. 2C). Nevertheless, this so-
lution is problematic because no in situ evidence 
of a local late Neoproterozoic arc has been rec-
ognized along western AM from 650 to 500 Ma. 
On the other hand, the South American margin 
was active through most of the Phanerozoic, and 
the Neoproterozoic geological record could have 
been destroyed by subduction-erosion and/or 
buried by younger foreland basin deposits. The 
temporal restriction of the late Neoproterozoic 
DZ age population, and its dominance over 
other age fractions among Paleozoic sedimen-
tary rocks of west AM, is moreover better ex-
plained by a magmatic arc active along western 
AM from 650 to 500 Ma than the long-lived 
evolution of the Brasiliano system from 900 to 
480 Ma (Pimentel et al., 1999).

If the western margin of AM were active dur-
ing the Ediacaran, it is interesting to note that 
that subduction system would have put the east-
ern margin of LA into a state of tension, follow-
ing subduction of the intervening Paleo-Iapetan 
ridge. Such a far-field pull could have acted to 
detach continental slivers from the margin of 
LA, analogous to the regime in which the Cim-
merian terranes were dislodged from the north-
ern margin of Gondwana by subduction beneath 
Eurasia (Fig. 3; Stampfli and Borel, 2002). The 
emplacement of CIMP along the eastern margin 
of LA (Tegner et al., 2019) may have additionally 
played an important role in the opening of Neo-

Iapetus by weakening the continental lithosphere 
that was already under tension, comparable to the 
role the Panjal Traps in India may have played in 
facilitating the opening of Neo-Tethys. The ter-
ranes that were dislodged from the eastern mar-
gin of LA possibly included the AAB, which 
experienced diking ca. 635 Ma (Loewy et al., 
2004), as well as the Western Sierras Pampeanas, 
which shares a similar 2.0–1.8 Ga basement with 
the AAB (Casquet et al., 2012) and was intruded 
by a rift-related syenite-carbonatite ca. 570 Ma 
(Casquet et al., 2008).

We contend that the observations and argu-
ments summarized here are most compatible 
with ca. 700 Ma breakup between LA and AM 
that opened a Paleo-Iapetus Ocean, followed by 
renewed rifting in the Ediacaran that led to the 
opening of a Neo-Iapetus Ocean. However, as 
the assembled arguments are indirect and based 
on a conventional reconstruction of Rodinia, pa-
leomagnetic data are of key importance to test-
ing this hypothesis. Reliable paleomagnetic data 
are unfortunately sparse from 750 to 600 Ma 
(see the Supplemental Material1), precluding a 

1Supplemental Material. The Cryogenian to 
Ediacaran rift-related magmatism distribution along 
east Laurentia, west Baltica, and west Amazonia, 
and a discussion about the paleomagnetic data from 
750 to 600 Ma. Please visit https://doi​.org/10.1130/
GEOL.S.12331145 to access the supplemental material, 
and contact editing@geosociety.org with any questions.

Figure 2.  (A) Histograms 
and kernel density esti-
mates of detrital zircon 
U-Pb ages of (top) post–
500 Ma metasedimentary 
rocks (including inherited 
zircons in magmatic rocks) 
from the Eastern Cordil-
lera of Peru and Cordillera 
Real of Ecuador (Chew 
et al., 2008), and (middle 
and bottom) early Cam-
brian and Ediacaran synrift 
sediments along eastern 
Laurentia (Eriksson et al., 
2004; Thomas et al., 2004; 
Allen, 2009; Chakraborty 
et al., 2012). KDE—kernel 
density estimation. (B–C) 
Two alternative sce-
narios that may explain 
the provenance of 650–
500 Ma zircons along 
west Amazonia: Neopro-
terozoic–early Cambrian 
Brasiliano belts (B), or 
continuous continental 
arc along proto-Andean 
margin (C). Sampling 
sites: 1—Marañon Com-
plex; 2—Cordillera Real of 
Ecuador; 3—Humber zone 
in Newfoundland; 4—Blue 
Ridge inlier; 5—Birming-
ham basement graben 
system. RP—Rio de la 
Plata; SF—São Francisco.
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rigorous test of our preferred model, but we note 
that the data available at 615 Ma are consistent 
with this reconstruction (Fig. 3A).
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