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ABSTRACT
We provide estimates for the width, timing, and rates of opening 

and closing of the Iapetus and Rheic oceans, the evolution of which 
profoundly infl uenced Paleozoic global paleogeography. These esti-
mates are primarily derived from the transfer of Ganderia and Avalo-
nia from Gondwana to Laurentia, which led to closure of the Iapetus 
Ocean and opening of the Rheic Ocean. Ganderia, a long-lived arc 
terrane, separated from the paleo-Caribbean margin of Amazonia 
at 505 Ma with a latitudinal speed of ~9 cm/a northward, initiating 
the Rheic Ocean as a backarc basin. Ganderia’s trailing edge was 
reduced to ~5 cm/a following opening of a 600–800-km-wide backarc 
basin within Ganderia at 475 Ma. Opening and closing of the Iapetus 
Ocean was largely driven by far-fi eld stresses, slab pull in some places 
and slab rollback in others.

INTRODUCTION
The transfer of terranes from one continental margin to another is an 

important cause of orogenesis. Here we use a rich multidisciplinary data 
set to provide estimates for the rates of plate movements in the Paleozoic 
that resulted in the transfer of terranes from Gondwana to Laurentian as 
part of the Appalachian-Caledonide orogenic cycle.

The evolution of Ganderia (Fig. 1A), the tectonically most complex 
peri-Gondwanan terrane incorporated in the northern Appalachians (van 
Staal et al., 1996, 2009), is crucial to regional syntheses because its arrival 
at the Laurentian margin led to Late Ordovician closure of the main tract 
of the Iapetus Ocean in the northern Appalachians, and the Early Silurian 
accretion of its trailing edge caused the Salinic orogeny (Zagorevski et 
al., 2008; van Staal et al., 2009). In addition, Ganderia’s departure from 
Gondwana opened the northern arm of the Rheic Ocean. Collectively, 
available data constrain paleogeography, width, time, and rates of opening 
and closing of both the Iapetus and Rheic Oceans.

GEOLOGICAL CHARACTERISTICS OF GANDERIA
Ganderia, together with Avalonia, Carolinia, and Meguma (Fig. 1A), 

are peri-Gondwanan terranes that were along the northern margin of West 
Gondwana in the late Neoproterozoic (Murphy et al., 2004). Detailed 
analysis of Ganderia’s tectonic evolution and its differences from Avalo-
nia were given in van Staal et al. (1996, 2009) and Hibbard et al. (2007). 
Ganderia and Carolinia may have been connected since the late Ediacaran 
(Hibbard et al. 2007). Both became progressively separated from Avalo-
nia during the early Paleozoic diachronous opening of the Rheic Ocean. 
Subsequent oblique motions moved most of Avalonia inboard of Ganderia 
and created a narrow intervening oceanic seaway (Fig. 1B), resulting in 
contrasting histories. Silurian–Devonian subduction of Avalonia beneath 
Ganderia occurred after Ganderia had accreted to composite Laurentia 
(van Staal et al., 2009).

The oldest known rocks in Ganderia include the younger than 1.2 Ga 
marble of the Green Head Group (Barr et al., 2003) and 976 +8/−7 Ma 
massif-type alkalic anorthosite in southern New Brunswick (Tesfai, 
2011). The presence of Mesoproterozoic and older(?) basement beneath 
Ganderia is also indicated by: (1) zircon inheritance and isotopic tracer 
studies of Neoproterozoic to Ordovician igneous rocks, (2) the occurrence 
of Mesoproterozoic (ca. 1.08 Ga) plutonic and gneissic boulders derived 

from nearby autochthonous basement in Lower Ordovician Ganderian 
strata of northern New Brunswick (van Staal et al., 1996, and references 
therein), and (3) dominant 1.2–1.5 Ga and subordinate 0.95–1.2 Ga sig-
natures in detrital zircon populations from quartz-rich Upper Ediacaran–
Lower Ordovician arenite (Fyffe et al., 2009) that are widespread in Gan-
deria and required a large continental source from late Ediacaran to Late 
Cambrian time.

Ensialic arc magmatism in Ganderia continued intermittently 
between 640 and 455 Ma. Short (10–15 m.y.) gaps in arc magmatism, 
representing soft collisional events, occurred during the late Ediacaran and 
Early Cambrian (when it was attached to Gondwana) and in the Ordovi-
cian (when it was an isolated microcontinent en route to Laurentia). Arcs 
developed include the 515–485 Ma Penobscot arc and the 475–455 Ma 
Popelogan-Victoria arc (van Staal et al., 2009; Zagorevski et al., 2010).

LINKS BETWEEN GANDERIA AND WESTERN GONDWANA
Several independent lines of evidence suggest that Ganderia was 

along the roughly north-south–trending paleo-Caribbean margin of Ama-
zonia (Fig. 1C). (1) The Rondonian–San Ignacio (1.5–1.3 Ga) and Sunsas 
(1.25–1.0 Ga) belts of the Amazonia and the Grenvillian basement inliers 
in the northwestern Andes (e.g., Cordani et al., 2005) provide matching 
source terranes for the dominant Mesoproterozoic detrital zircon signa-
tures in Ganderian basement. (2) The autochthonous Cambrian cover of 
Amazonia in Columbia contains Atlantic realm trilobites (e.g., Paradox-
ides) (Rushton, 1963), which are also prominent in coeval rocks in Gan-
deria (e.g., White et al., 1994). (3) Truncation of Grenvillian inliers along 
the northern margin of Gondwana (Chibcha terrane; Ramos, 2009) against 
the Caribbean coastline of Columbia suggests removal of a crustal frag-
ment. (4) The autochthonous lower Paleozoic cover in Colombia records 
a Middle Cambrian transgression interpreted to refl ect the departure of 
a large terrane (Ramos, 2009). Ganderia is an appropriate candidate for 
the departing terrane because it records (1) a rift-drift transition starting 
with 509–505 Ma bimodal rift-related volcanism, including mid-oceanic 
ridge basalt, (2) exhumation of lithospheric mantle onto the seafl oor on 
the trailing Gander margin, and (3) deposition of transgressive Middle–
Upper Cambrian arenite-black shale strata (White et al., 1994; Schulz et 
al., 2008). The co-occurrence of upper Mesoproterozoic–lower Neopro-
terozoic anorthosite bodies in the Chibcha terrane (Cordani et al., 2005) 
and in Ganderia (Tesfai, 2011) also supports this connection.

EDIACARAN–CAMBRIAN PALEOGEOGRAPHIC 
RECONSTRUCTIONS OF GANDERIA AND AMAZONIA

The full extent of the Ediacaran–Early Cambrian arc system in Gan-
deria is unknown, but its present-day strike length is at least 2500 km 
(Fig. 1A). Furthermore, Chew et al. (2008) and Cardona et al. (2009) 
presented evidence that an Ediacaran–Early Cambrian active margin also 
existed at the latitude of northern Peru (Fig. 1C). Escayola et al. (2011) 
correlated this arc system with the coeval Pampean arc system exposed 
further south in Argentina, implying that the proto-Andean margin faced 
an open ocean, and therefore that Amazonia was not attached to Laurentia 
and Baltica at that time. Both Laurentia and Baltica are generally con-
sidered to represent Amazonia’s conjugate margins in Rodinia (Loewy 
et al., 2003), but geological evidence suggests that Iapetus did not open 
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along the Laurentian margin until between 570 and 540 Ma (Waldron and 
van Staal, 2001). Therefore, the departure of Amazonia was not respon-
sible for opening of the Iapetus Ocean south of Laurentia. An alternative 
solution is that Laurentia rifted from conjugate Amazonia in two stages 
(Escayola et al., 2011); prior to the 600 Ma opening the relatively nar-
row Puncoviscana Ocean, and then ca. 570 Ma, when departure of the 
Arequipa-Antofalla ribbon continent (Fig. 1C) opened the Iapetus Ocean.

INTEGRATION OF PALEOMAGNETIC DATA WITH 
TECTONIC MODELS OF GANDERIA

The junction of the paleo-Caribbean and paleo-Atlantic margins of 
greater Amazonia was at a latitude of ~45°S (IT in Fig. 2) by 525 Ma 
(Trindade et al. 2006) and parts of the paleo-Caribbean margin reached 
a latitude of ~49°S (BG in Fig. 2; Johnson and van der Voo, 1985) by 
ca. 505 Ma, using Ganderia (White et al., 1994) as a proxy (Fig. 1C). 
However, where this part of Ganderia was situated along this margin is 
unknown. Given this uncertainty, Amazonia appears to have been moving 
south with a minimum latitudinal velocity of ~2 cm/a between 525 and 
500 Ma (Fig. 2). At the end of this interval, Ganderia started to drift away 
from Amazonia. With a present strike length of at least 2500 km, Ganderia 
may have extended over 23° of latitude, allowing for the possibility of 
an along-strike connection with Avalonia (Fig. 1C), which was at ~65°S 
during the Middle to Late Cambrian (Thompson et al., 2010). Proximity 

between parts of these two terranes during the Middle to Late Cambrian 
is consistent with similarities in lithologies and faunas during this period.

The leading edge of Ganderia (Popelogan-Victoria arc) arrived at the 
composite Laurentian margin by ca. 455 Ma (Zagorevski et al., 2008); 
this is consistent with paleolatitudes of 18°S–11°S for the 460–455 Ma 
Munsungun inlier (Maine) basalts (Fig. 2) (Potts et al., 1995) correlated 
with the Popelogan-Victoria arc (Schultz and Ayuso, 2003). Thus, the 
leading edge of Ganderia had a latitudinal drift rate of ~9 cm/a between 
500 Ma and 455 Ma, identical to the drift rate for Avalonia between 490 
and 460 Ma determined by Thompson et al. (2010). The similarity in 
rates suggests that Ganderia and Avalonia were on the same microplate 
after they had separated from Gondwana, although they were probably 
separated by a narrow seaway of trapped oceanic lithosphere at this stage 
(Fig. 1B; van Staal et al., 2009).

The latitudinal drift rate for Avalonia decreased to 5 cm/a by 
ca. 460 Ma (Thompson et al., 2010); we consider this rate to be a proxy for 
the drift rate of the trailing edge of Ganderia (Gander margin) at this time. 
This rate is consistent with docking of the Gander margin with composite 
Laurentia by ca. 430 Ma (van Staal et al., 2009) and with paleolatitudes 
of 19°S–11°S for 430–425 Ma rocks deposited on the Gander margin in 
Newfoundland and Ireland (MacNiocaill, 2000; Smethurst and McEnroe, 
2003). The ~4 cm/a discrepancy in drift rates between the Popelogan-Vic-
toria arc and the trailing Gander margin is attributed to rifting in the inter-

500 Ma

Iapetus Ocean

Fam
atina arc

Pampean

Pe
no

b
sc

o
t

a
rc

Rhe
ic

O
c

Siberia

Baltica

Dashwoods

Laurentia

Amazonia

470 Ma

RheicO
c

Cuyania

TEB 

Taconic  orogen 

West
Africa

arc
  

PV

A
lp

s

Beti
cs

1000 km

AVALONIA + MEGUMA (M)

BALTICA + ALLOCHTHONS

PERICRATONIC TERRANES

GANDERIA

ARMORICAN TERRANES

LAURENTIAN MARGIN

CAROLINIA

GONDWANA (WEST AFRICA)

BALTICA

LAURENTIA

PERI-GONDWANA 

M

arc

A

C

B

Pam
pean

orogen 

AAT

Famatina
AAT

Amazonia

Amazonia

Laurentia

Baltica

West
Africa

Siberia

Taconic seaway

Main 
Iapetus
Suture 

A
rm

o
ric

a
n 

te
rr

a
ne

a
ss

e
m

b
la

g
e

A
rm

o
ric

a
n 

te
rr

a
ne

a
ss

e
m

b
la

g
e

Rheic 

Suture 

Cuyania

seaway
Figure 1. Paleogeogra-
phy of Laurentia-Gond-
wana-Baltica and Iapetan 
tectonic elements. A: 
Prior to opening of At-
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vening Tetagouche-Exploits backarc basin, which initiated ca. 475 Ma 
and culminated in the formation of oceanic lithosphere and widespread 
deposition of pelagic chert and shale by ca. 464 Ma (van Staal et al., 
2009). The rate discrepancy suggests a half-spreading rate of ~2 cm/a in 
the Tetagouche-Exploits basin, which produced a 600–800-km-wide oce-
anic basin prior to the collision of the Popelogan-Victoria arc with Lau-
rentia ca. 455 Ma.

TECTONIC IMPLICATIONS FOR THE PALEOGEOGRAPHIC 
EVOLUTION OF IAPETUS AND RHEIC OCEANS

Penobscot arc magmatism on Ganderia’s leading edge overlapped 
with Ganderia rift-drift recorded on its trailing edge (Zagorevski et al., 
2010), suggesting that the Rheic Ocean initially opened as a backarc 
basin. Avalonia rifted from Gondwana in the Arenig (ca. 479 Ma) (Mur-
phy et al., 2004), opening the southern arm of the Rheic Ocean, follow-
ing a long history of transcurrent southward motion along the Amazo-
nian margin toward Africa (e.g., Satkoski et al., 2010). The opening of 
the Rheic Ocean appears to have been diachronous from paleonorth 
(505 Ma) to paleosouth (479 Ma; Fig. 1C). Using Ganderia as a proxy, 
parts of Amazonia had reached a latitude of ~50°S at 500 Ma, while 
Laurentia had a latitude of ~20°S at that time (Fig. 2), implying that the 
western segment of Iapetus had achieved a width of ~3300 km or less; 
this translates to a maximum spreading rate of ~5 cm/a. However, in addi-
tion to the uncertainties associated with the sparse paleomagnetic data of 
Amazonia, this rate is dependent on the exact time of opening of Iapetus, 
which is uncertain. The Rheic Ocean opened initially at ~9 cm/a, but 
appears to have decelerated after 470 Ma to ~5 cm/a, likely due to open-
ing of the Tetagouche-Exploits backarc basin (Figs. 1B and 2). Hence 
rapid rollback of the Iapetus slab beneath the arc on Ganderia’s leading 
edge was likely a critical factor in the opening and early expansion of 
the Rheic Ocean at the expense of the vanishing Iapetus Ocean. Slab 
rollback-driven movement with comparable velocities in the Mesozoic–
Cenozoic arc terranes in the southwestern Pacifi c and Tethys Oceans are 
implied by the syntheses of Lallemand et al. (2005) and Hall (2011). The 
Rheic Ocean appears to terminate to the paleowest (Fig. 1B), because 
subduction of the Iapetus Ocean remained south dipping beneath a rela-
tively stable proto-Andean margin, producing the Famatina arc, which 
extended from Peru to Argentina (Ramos, 2009). This setting allowed 
accretion of the Laurentia-derived Cuyania terrane (Fig. 1B) during the 
Ocloyic orogeny (Astini et al., 1995), while Ganderia was moving north 
toward Laurentia. These relationships suggest the presence of a major 
transform fault near the northern margin of Peru (Fig. 1B), which con-
nected the Famatina system with a same-polarity subduction zone that 
accommodated convergence of Ganderia with Laurentia.

Placing Ganderia along the paleo-Caribbean margin of Amazonia 
prior to the Late Cambrian suggests that it was probably connected with the 
18,000-km-long Terra Australis orogenic system (Cawood, 2005), which 
therefore nearly circumnavigated West Gondwana. In addition, consider-
ing that Ganderian arc activity is at least as old as 640 Ma, it is unlikely 
that Amazonia was connected to Baltica during the late Neoproterozoic.

DISCUSSION
Our interpretations imply that early opening of the Iapetus and Rheic 

oceans was largely driven by far-fi eld stresses induced by slab pull and 
slab rollback, respectively. Opening of the Iapetus Ocean between Lau-
rentia and the proto-Andean margin of Gondwana was dynamically linked 
(slab pull) to closure of the Puncoviscana Ocean, which led to reaccretion 
of Arequipa-Antofalla to Amazonia during the Pampean (530–525 Ma) 
orogeny (Escayola et al., 2011). Stepping back of the Pampean subduction 
zone into the Iapetus Ocean behind accreted Arequipa-Antofalla created 
the Famatina arc at the latitude of Peru and further south. The correlative 
Penobscot arc on Ganderia (Fig. 1C) rifted from Amazonia by 505 Ma, 
which led to opening of the northern arm of the Rheic Ocean as a backarc 
basin. The Rheic Ocean grew at the expense of a progressively dimin-
ishing segment of Iapetus that faced Ganderia, while Laurentia and West 
Gondwana remained relatively stationary. The available data indicate that 
Ganderia remained on the upper plate until the Late Ordovician, implying 
that slab rollback was largely responsible for the rapid transfer of arc rib-
bons such as Ganderia from Gondwana toward Laurentia. However, our 
analysis also identifi es potential geodynamic problems that remain to be 
resolved. In the context of a narrowing Iapetus Ocean, the age of the sub-
ducting lithosphere would have decreased progressively. A concomitant 
progressive decrease in the rate of slab rollback would be expected, but 
this is not clear in the data. In addition, following opening of the Teta-
gouche-Exploits basin and the accretion of the Popelogan-Victoria arc, 
the geodynamic forces driving its trailing margin and Avalonia toward 
Laurentia remain enigmatic. Their movement was driven at least in part 
by slab pull of the downgoing oceanic slabs of the intervening basins (e.g., 
Tetagouche-Exploits basin), but probably also by ridge push at the Rheic 
spreading center.
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