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poorly understood. The age, location, geometry and convergence rates of the subduction zones associated with

{)(le ,;Vtvev‘iZZZn structions these ancient ocean basins have implications for mantle structure, which can be used as an additional constraint
Arctic for refining and evaluating plate boundary models. Here we integrate surface geology and geophysics with man-
Tectonics tle tomography models to generate a digital set of tectonic blocks and plates as well as topologically closed plate
Amerasia Basin boundaries with time-dependent rotational histories for the circum-Arctic. We find that subducted slabs inferred
Panthalassa from seismic velocity anomalies from global P and S wave tomography models can be linked to various episodes
South Anuyi Ocean of Arctic subduction since the Jurassic, in particular to the destruction of the South Anuyi Ocean. We present a
refined model for the opening of the Amerasia Basin incorporating seafloor spreading between at least 142.5
and 120 Ma, a “windshield” rotation for the Canada Basin, and opening orthogonal to the Lomonosov Ridge
for the northern Makarov and Podvodnikov basins. We also present a refined pre-accretionary model for the
Wrangellia Superterrane, imposing a subduction polarity reversal in the early Jurassic before accretion to
North America at 140 Ma. Our model accounts for the late Palaeozoic to early Mesozoic opening and closure of
the Cache Creek Ocean, reconstructed between the Wrangellia Superterrane and Yukon-Tanana Terrane. We
suggest that a triple junction may also explain the Mid-Palaeozoic opening of the Slide Mountain, Oimyakon
and South Anuyi oceans. Our digital tectonic model forms the basis for the development of future plate deforma-
tion and geodynamic models and provides a framework for analysing the formation and evolution of regional

sedimentary basins and mountain belts.
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1. Introduction

One of the most elusive aspects of global plate reconstructions since
the breakup of Pangea is the tectonic evolution of the circum-Arctic
region, reflecting a paucity of regional datasets, both from within the
oceanic basins and from adjacent onshore and offshore continental
margins. While significant progress has been made over the last decade
with amalgamating geological and geophysical data to generate Phan-
erozoic plate reconstructions of the Arctic (e.g. Nokleberg et al., 1998a,
2000; Lawver et al., 2002; Golonka, 2011 and references therein),
many of these models are limited to reconstructing individual tectonic
elements or selected plate boundaries without a consideration of plate

boundary geometries through time, the evolution of adjacent plate
margins or the implied history of subduction as imaged by mantle to-
mography. The construction of more comprehensive models is compli-
cated by a myriad of individual, and often conflicting, observations and
inferences, usually from studies focused on a particular region of the
circum-Arctic. Furthermore, many attempts at reconstructing the Arctic
are limited to a single reconstruction time (i.e. a Myr) or are very broad
in terms of reconstruction periods (tens of Myrs). The circum-Arctic
has a very complex Phanerozoic history, marked by various periods
of compression, extension and deformation, significant changes in
geometry, location and dynamics of plate boundaries and multiple
reactivation events.
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Fig. 1. Topography of the circum-Arctic (ETOPO2) with major topographic and structural features labelled. AHI Axel Heiberg Island, AR Alpha Ridge, CAI Canadian Arctic Islands, CP
Chukchi Plateau, EI Ellesmere Island, GR Gakkel Ridge, F] Franz Josef Land, MB Makarov Basin, MR Mendeleev Ridge, NSI New Siberian Islands, NZ Novaya Zemlya, PV Podvodnikov
Basin, SAZ South Anuyi Suture, SV Svalbard, WI Wrangel Island. Shaded polygons are approximate regions: purple Kolyma-Omolon Superterrane, red Arctic Alaska-Chukotka
Microplate (AACM), yellow Alaska and northern North America, orange Okhotsk-Chukotka Volcanic Belt, pink Koryak-Kamchatka Volcanic Belt and light grey Viluy LIP. Red

star indicates approximate location of present-day Iceland Hotspot.
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A present-day elevation map (Fig. 1) shows two major bathymet-
ric features of the Arctic Ocean; the sub-triangular Amerasia Basin
and the elongate Eurasia Basin. The evolution of the Eurasia Basin is
relatively well constrained with seafloor spreading along the Gakkel
Ridge since ~56 Ma (e.g. Vogt et al., 1979; Brozena et al., 2003). Res-
toration prior to spreading in the Eurasia Basin places the Lomonosov
Ridge adjacent to the Barents Shelf. The Amerasia Basin incorporates
the Canada, Makarov and Podvodnikov basins, the extended conti-
nental crust of the Chukchi Plateau and Borderland, and the Alpha-
Mendeleev Ridge. The present-day Canada Basin constitutes a large
portion of the Amerasia Basin and has a maximum depth of 4000 m.
It is largely bound by the Canadian Arctic Islands to the east and
by the Chukchi Borderland to the west. Seismic profiling suggests
that the thickness of the oceanic crust within the Canada Basin is
4-8 km, with 6-11 km thick sedimentary cover (Grantz et al.,
1990). The Arctic Ocean is surrounded in the western hemisphere
by the Canadian Arctic Islands, Greenland and the North American
craton and in the eastern hemisphere by the Barents Shelf and the
Baltic Shield as well as the Siberian continental shelf and craton.

Table 1

One of the main tectonic reconstruction challenges is the origin and
timing of the opening of the Amerasia Basin. The central location of the
Amerasia Basin within the Arctic province makes it a centrepiece in
plate tectonic models; however its pre-rift configuration and kinematic
development remains elusive. A robust tectonic model accounting
for seemingly contrasting observations would yield insights into Arctic
palaeo-geography and palaeo-climate, the driving forces of ocean
basin closure and opening, and has major implications for resource ex-
ploration within the dozens of sedimentary basins of the circum-Arctic.
However, nearly all aspects of the proposed models for the opening of
the Amerasia Basin including timing, geometry, data sources and the as-
sociated interpretations are debated.

Here, we aim to approach these controversies of the pre- and post-
opening Amerasia Basin plate configuration by assuming a larger-
scale viewpoint; through an extensive review of published data
and models we synthesise and reconcile the major tectonic events
(Table 1) in a self-consistent and time-dependent rigid plate model,
which can then be used to address more regional observations and
inferences including extension and compression, and may form the

Summary of major plate boundary event timings used in our plate model (directions relative to present-day) with inclusion of earlier events for reference. Main references used to
define the explicit timing and reconstruction as integrated in our model are included, and where reasonably modified or refined by this paper this is noted, see manuscript for more

details and references therein.

Feature

Timing

Main references

South Anuyi Ocean
and subduction

Kolyma-Omolon
Superterrane

Northern Pacific-NE Asia

Northern Pacific-Alaska
and northern NAM

Rifting and seafloor spreading — formation of SAO
Oloy Arc S-SW dipping

Koyukuk subduction S dipping (Kobuk Sea) and
Nutesyn subduction N dipping
Koyukuk and Nutesyn subduction N dipping

Rifting of Amerasia Basin

Seafloor spreading within Amerasia Basin —
Makarov/Podvodnikov basins

Seafloor spreading within Amerasia Basin — Canada
Basin

Rifting and seafloor spreading — formation of
Oimyakon Ocean Basin

Back-arc subduction W-dipping/Kolyma-Omolon
Superterrane amalgamation *Alternative Model
Oimyakon E-dipping subduction under Uyandina-
Yasachnaya arc

Koni-Taigonos arc and subduction

Alazeya subduction zone of palaeo-Pacific N dip-
ping *Alternative Model

Uda-Murgal arc N-NW dipping

Okhotsk-Chukotka arc and volcanic belt N-NW
subduction

Koryak-Kamchatka arc N-NW subduction
Aleutian-Bering arc and subduction

Arc magmatism and formation of Yukon-Tanana
Terrane

Slab roll back, backarc rifting and seafloor
spreading of Slide Mountain Ocean

Cessation of spreading Slide Mountain Ocean,
polarity reversal, formation of main episode of
Stikinia and Quesnellia arcs

Relative rotation between Stikinia and Quesnellia
Opening of the Cache Creek Ocean

Subduction and closure of Slide Mountain and
collision of Yukon-Tanana-Stikinia-Quesnellia
terranes

Accretion of Wrangellia Superterrane and closure of
Cache Creek Ocean

Talkeetna-Bonanza arc

Gravina arc

Devonian-Early Mississippian (?)
160-140.1 Ma

160-142.6 Ma

142.5-120.1 Ma

195-142.6 Ma

142.5-120.1 Ma

142.5-126.1 Ma

Devonian-Early Mississippian (?)
180-160.1 Ma

160-140.1 Ma

Triassic-Late Jurassic 160.1 Ma
Late Triassic to Early Jurassic 230
Ma-193 Ma

160 Ma-108.1 Ma

Cretaceous 108-67.1 Ma

67-55.1 Ma

~55 Ma

Early Devonian (~385 Ma)

Late Devonian to Carboniferous360

(possibly 320) Ma
260 Ma

260-230 Ma
260-230 Ma

230 Ma

140 Ma

Late Triassic to Early Jurassic
230-185.1 Ma

Late Jurassic-Early Cretaceous
185-140 Ma

Zonenshain et al. (1990), Nokleberg et al. (2000)
and Sokolov et al. (2002)

Nokleberg et al. (2000), Layer et al. (2001) and
Shephard et al. (presented here)

Plafker and Berg (1994), Nokleberg et al. (2000)
and Shephard et al. (presented here)

Plafker and Berg (1994), Nokleberg et al. (2000)
and Shephard et al. (presented here)

Grantz et al. (2011b) and Shephard et al.
(presented here)

Alvey et al. (2008), Dgssing et al. (2013) and
Shephard et al. (presented here)

Alvey et al. (2008)

Parfenov (1991), Parfenov et al. (1993) and
Nokleberg et al. (2000)
Parfenov (1991) and Oxman (2003)

Nokleberg et al. (2000) and Layer et al. (2001)

Nokleberg et al. (2000) and Sokolov et al. (2002)
Nokleberg et al. (2000)

Sokolov et al. (2002, 2009) and Nokleberg et al.
(2000)
Layer et al. (2001)

Parfenov et al. (1993) and Nokleberg et al. (2000)
Nokleberg et al. (2000)
Nelson et al. (2006)

Plafker and Berg (1994), Nokleberg et al. (2000)
and Nelson et al. (2006)
Nokleberg et al. (2000) and Nelson et al. (2006)

Nokleberg et al. (2000) and Mihalynuk et al. (1994)
Nokleberg et al. (2000) and Shephard et al.
(presented here)

Nokleberg et al. (2000), Nelson et al. (2006) and
Seton et al. (2012)

Nokleberg et al. (2000), Trop et al. (2002) and
Shephard et al. (presented here)

Nokleberg et al. (2000) and Shephard et al.
(presented here)

Nokleberg et al. (2000) and Shephard et al.
(presented here)
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Table 2
Summary of acronyms used in reconstructed terrane and ocean features of our preferred model, as in Figs. 2-10.

Acronym Name Plate ID Feature type Comment

Region 1 Northeast Siberia

AL Alazeya arc and uplift 43205 Terrane (KOST)  See Table 1, accreted island-arc®

BE Bering Shelf 16140 Terrane Cretaceous-Palaeogene arc and back-arc units® over Paleozoic and Mesozoic fragments

BSW Bering-Seward 43300 Terrane (AACM)  Part metamorphosed continental margin®

CH Chukotka 43300 Terrane (AACM) Passive continental margin®

CS Chersky Range 43202 Terrane (KOST)  Overlapping Mid-Jurassic and Early Cretaceous arc and backarc terranes®

DL De Long uplift 42100 Terrane (AACM) Pre-Cambrian craton or Caledonian or Ellesmerian, “massif,” affinity to North Ellesmere
Island, partly affected by HALIP®

EK East Kamchatka 44100 Terrane Island arc fragments®

EKO East Kamchatka-Okhotsk 44103 Terrane Island arc fragments® part overlapped by Okhotsk-Chukotka and Koryak-Kamchatka
Volcanic Belts

EL East Laptev 401 Terrane Related to opening of Eurasia Basin

ES East Siberia Shelf 42200 Terrane (AACM) Mesozoic foreland basin (Late Mesozoic fold belts) beneath Cenozoic sediments?”

HO Hope Basin 42300 Terrane Transtensional basin”

KK Koryak-Kamchatka 44102 Terrane Island arc and oceanic fragments® part overlapped by Okhotsk-Chukotka and Koryak-
Kamchatka Volcanic Belts

KN Kotel'nyi 42101 Terrane Passive margin Mid Ordovician-Upper Devonian®

KO Kolyma Range 43200 Terrane (KOST)  Related to KOST collision, Overlapping Mid-Jurassic and Early Cretaceous arc and backarcs®

KOB Kobuk Sea (18100) Ocean See Table 1

KOST Kolyma-Omolon Superterrane 43200 Plate See Table 1

LA Laptev Sea 42400 Terrane Related to opening Eurasia Basin

MOK Mongol-Okhotsk 380 Ocean Prior to collision of Asia with Siberian Craton

NC North Chukchi Basin 18203 Terrane Mesozoic foreland basin (Late Mesozoic fold belts) beneath Cenozoic sediments?

NK North Kamchatka 44101 Terrane Island arc and oceanic fragments® part overlapped by Koryak-Kamchatka Volcanic Belt

NV Novaya Block 42102 Terrane (AACM) Transtensional basin®

OB Outer Bering 16141 Terrane Oceanic, Mid-Late Tertiary back-arc units and abyssal plains®

OK Okhotsk 43400 Terrane Siberian cratonal affinities® part overlapped by Okhotsk-Chukotka Volcanic Belt

oL Oloy 43206 Terrane (KOST)  Accreted island-arc?

oM Omolon 43201 Terrane (KOST)  Siberian cratonal affinities®

oMY Oimyakon Ocean 401 Ocean See Table 1

ov Omulevka 43204 Terrane (KOST)  Passive continental margin®

PK Prikolyma 43203 Terrane (KOST)  Passive continental margin®

SAO South Anuyi Ocean 41200 Ocean and Plate  See Table 1

SAZ South Anuyi Suture Zone 42201 Terrane (AACM)  Oceanic® highly deformed, separates KOST and AACM

SC (Southern) North Chukchi Basin 18202 Terrane Franklinian basement under Mesozoic foreland basin beneath Cenozoic sediments?”

SIB Siberian Craton 401 Terrane Fixed to Eurasia (301) for period of our model

VI Vil'kitski Trough Basin 42103 Terrane (AACM)  “Pre-Cenozoic/Post Ellesmerian” multi-phase rift basin”

VG Viligia 43400 Terrane Passive continental margin®

VL Vetlovskiy 44100 Terrane Oceanic?

WI Wrangel Island Terrane 42300 Terrane (AACM) Neoproterozoic metamorphosed rocks, Mesozoic foreland basin (Late Mesozoic fold belts)
beneath Cenozoic sediments?®

wv Western Verkhoyansk 43101 Terrane Related to KOST collision, see Table 1, underlain by Riphean to Mid Palaeozoic
carbonate-clastics”

YA Yarakvaam 43207 Terrane (KOST)  Accreted island-arc®

Region 2 Arctic Ocean and Amerasia Basin

AACM Arctic-Alaska Chukotka Microplate 18100 Plate See Table 1, Siberian, Baltican and Laurasian affinities, Passive continental margin®

AM Amerasia Basin 101/42100 Ocean See Table 1

CK Chukchi Plateau 113, 18200 Terrane (AACM)  Post Ellesmerian platform with Cenozoic extension (Northwind Basin)”

ESM East Siberia Microplate 42150 Plate Division of AACM, see Table 1

EU Eurasia Basin 114, 301 Ocean Oceanic, rifting from ~53 Ma

LO Lomonosov Ridge 114 Terrane Related to opening Eurasia Basin

NSM North Slope Microplate 18150 Plate Division of AACM, see Table 1

Region 3 North America and Panthalassa

AN Angayucham 18103 Terrane Oceanic?

AU Aleutian arc terrane 16130 Terrane Accreted island-arc?, see Table 1

AX Alexander Terrane 16111 Terrane Part of Wrangellia Superterrane, Accreted island-arc?, “Insular” NAM terrane group®,
assumed Baltican affinity

CA Cassiar 16106 Terrane Passive continental margin® “Inboard” NAM terrane group®

cC Cache Creek Terrane 16113 Terrane Oceanic?, “Intermontane” NAM terrane group®

CCR Cache Creek Ocean 131 Ocean and Plate  Part of Panthalassa Ocean, see Table 1

CG Chugach 16121 Terrane Oceanic and part turbidite®

d NAM deformation 101 Line feature Western limit of Cordilleran deformation®

FAR Farallon Plate 902 Plate Part of Panthalassa Ocean

Fw Farewell-Dillinger-Mystic 18104 Terrane Passive continental margin®

GO Goodnews 18105 Terrane Oceanic?

1ZA Izanagi Plate 926 Plate Part of Panthalassa Ocean

KY Koyukuk 18106 Terrane See Table 1, accreted island-arc®

KT Kootenay 16107 Terrane “Inboard” NAM terrane group®

m Metamorphic rocks 16124 Terrane “Intermontane” NAM terrane group®

NAM NAM Craton 160, 101 Terrane “Inboard” NAM terrane group®

NS North Slope 103 Terrane (AACM) Passive continental margin®

NXF Nixon Fork 18104 Terrane Passive continental margin®

PE Peninsula 16112 Terrane Part of Wrangellia Superterrane, Accreted island-arc?, “Insular” NAM terrane group®

(continued on next page)
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Table 2 (continued)

Acronym Name Plate ID Feature type Comment

QS Quesnellia 16102 Terrane Accreted island-arc?, related to Slide Mountain, see Table 1, “Intermontane” NAM terrane group®

RCO Ruby-Coldfoot 18102 Terrane Metamorphosed continental margin®

RU Ruby 18102 Terrane Metamorphosed passive continental margin®

SM Slide Mountain Terrane 16103 Terrane Oceanic?, “Intermontane” NAM terrane group®

ST Stikinia 16101 Terrane Accreted island-arc?, related to Slide Mountain, see Table 1, “Intermontane” NAM terrane group®

TG Togiak 18108 Terrane Accreted island-arc®

WR Wrangellia 16110 Terrane Part of Wrangellia Superterrane, Accreted island-arc?, “Insular” NAM terrane group®

YK Yakutat 16123 Terrane Turbidite® and oceanic plateau

YTT Yukon-Tanana 16104 Terrane Passive continental margin®, related to Slide Mountain, see Table 1, “Intermontane” NAM
terrane group®

YTU Yukon-Tanana Upland 16105 Terrane “Inboard” NAM terrane group®

2 Nokleberg et al. (2000).
b Drachev et al. (2010).
¢ Colpron et al. (2007).

basis for developing models that account for the many phases of plate
deformation. Complementary to our discussion of major rifting, sea-
floor spreading and subduction events and a refined plate kinematic
model, we also present for the first time, an analysis of deep mantle
structure inferred from the long history of circum-Arctic subduction.
We review mantle structure including slabs imaged by seismic to-
mography models and link them temporally and spatially to the sub-
duction zones of our plate model.

The tectonic history of the circum-Arctic cannot be reconstructed
without a regional consideration of the adjacent continental margins
of NE Asia and North America (NAM), of which both have experi-
enced extensive subduction, compression, extension and island arc
formation/evolution during the Mesozoic and Cenozoic. We summa-
rise changes in plate motions based on the major subduction zones
involved, and below group them into five main regions/events
(Fig. 1) (Tables 1 and 2):

(1) Collision of the Arctic Alaska-Chukotka Microplate (AACM)
and Siberia and the destruction of an intervening ocean basin
(South Anuyi Ocean).

(2) Opening of the Amerasia Basin and rotation of the AACM.

(3) Kolyma-Omolon Superterrane (KOST) collision with Siberia and
the destruction of the intervening ocean basin (Oimyakon Ocean).

(4) Subduction of Panthalassa under NE Asia and associated arc
accretion.

(5) Subduction of Panthalassa under Alaska and North America and
associated arc accretion.

We refer to “Siberia” when describing the main continental por-
tion of NE Asia comprising the Siberian Craton (which is attached to
Eurasia during our reconstruction times) and also later when the
Kolyma-Omolon Superterrane collides and accretes to this unit. We
also use the term “Amerasia Basin” for the region between the
Lomonosov Ridge and North American/Russian shelf and restrict the
use of “Canada Basin” to the southern part of the Amerasia Basin be-
tween the Alpha-Mendeleev Ridge and North America. Unless otherwise
specified, we refer to the relative locations between terranes or tec-
tonic features with respect to present-day e.g. the eastward-dipping
subduction zone of the Oimyakon Basin under the Kolyma-Omolon
Superterrane, and the southern margin of the AACM prior to its
counter-clockwise rotation. Subduction zones are herein referred to
by the same name as their arc counterparts as previously discussed in
the literature e.g. Oloy arc of Nokleberg et al. (2000) is now applied to
the associated Oloy subduction zone.

2. Discussion of regional tectonics
2.1. The South Anuyi Ocean

Evidence for an ocean basin, known as the South Anuyi Ocean
(SAO), located between Siberia and Laurentia in the Late Jurassic

before the rotation of the AACM is expressed along the South Anuyi
Suture. This suture zone (SAZ, Figs. 1 and 2), stretching from near
the New Siberian Islands through to the North Slope of Alaska, is
up to 200 km wide and is delineated by ophiolites, turbidites, arc
magmatism, granites and granodiorites and plutons (e.g. Rowley
and Lottes, 1988; Zonenshain et al., 1990; Parfenov, 1991; Sokolov
et al,, 2002, 2003; Grantz et al., 2011a). Evidence for the suture zone
is best preserved in the region north of the KOST (Fig. 2), however,
the continuation of this suture zone offshore and to the west near
the New Siberian Islands is contentious (Fig. 1) (e.g. Drachev et al.,
1998; Lawver et al., 2002; Franke et al., 2008). Disparity in the contin-
uation of the suture zone might largely be a function of ophiolite
preservation, exposure due to younger deformation and sedimentary
and glacial debris cover. It is largely agreed that the opening of the
Amerasia Basin was contemporaneous with the destruction of the
SAO along one or more subduction zones along both the southern margin
of the AACM and the opposing northern margins of Siberia (Figs. 3-6). In
alternative models, the SAO is sometimes described as being adjacent to,
or included within the broader “Angayucham Ocean” and “Goodnews
Ocean” or even the “palaeo-Pacific.” The relative locations of Laurentia
and Siberia constrain the maximum limits of the SAO, and in our preferred
model we refer to this entire region behind the convergent margin with
the palaeo-Pacific as the SAO (Figs. 3-8, S1).

While noting great uncertainty in timing and plate boundary con-
figuration, various authors (e.g. Zonenshain et al., 1990; Sokolov et al.,
2002) suggest that the SAO existed between Siberia and Laurentia
since opening in the Middle-Late Palaeozoic. Prior to this opening,
several authors suggest a possible collision of Siberia (and Baltica)
with Laurentia in the Silurian or Devonian, possibly during the
Ellesmerian orogeny or the Scandian phase of the Caledonian orogeny
(Trettin, 1991; Kos'ko et al., 1993; Lawver et al., 2002, 2011). The col-
lision between Siberia and Laurentia, which saw the subduction of the
lapetus Ocean, is thought to have lead to the transfer of Chukotka
from the Siberian to Canadian margin, as well as the Pearya terrane
to Ellesmere Island (Fig. 1) (Trettin, 1991; Kos'ko et al., 1993;
Lawver et al., 2002, 2011). The accretion of components of the
AACM to Laurentia was followed by a clockwise rotation of Siberia
away from Laurentia towards Baltica and Kazakhstan. The subse-
quent rifting and seafloor spreading is inferred to have formed the
SAO, or part thereof, and it may have connected to the ocean basins
of Taimyr and the Polar Urals (Sokolov et al., 2002). Lawver et al.
(2002) suggested that a mantle plume caused this rifting event,
with the Oimyakon Basin (successful rift), and the Viluy Large
Igneous Province and basin (failed rift) (Fig. 1) representing two
arms of a plume-generated triple-junction. Kuzmin et al. (2010)
support the notion that the Viluy Large Igneous Province was linked
to a hotspot that may have existed before 400 Ma and suggest that
during the Early Silurian to Late Devonian (435-360 Ma) a ~30°
clockwise rotation of Siberia was not accompanied by significant
changes in palaeo-latitude or longitude.
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Fig. 2. Simplified set of major tectonic features and provinces of the circum-Arctic at present-day used in our reconstructions. Polygons filled according to Plate ID (Table 2).
(a) Siberian terranes including parts of the Arctic Alaska-Chukotka Microplate, the Kolyma-Omolon Superterrane. AL Alazeya Arc and uplift, AM Amerasia Basin, BE Bering
Shelf, BSW Bering-Seward, CH Chukotka, CK Chukchi Plateau, CS Chersky Range, DL De Long uplift, EK East Kamchatka, EKO East Kamchatka-Okhotsk, EL East Laptev (Siberia),
EU Eurasia Basin, ES East Siberia Shelf, HO Hope Basin, KK Koryak-Kamchatka, KN Kotel'nyi, KO Kolyma Range, LA Laptev Sea, LO Lomonosov Ridge, NC North Chukchi Basin, NK
North Kamchatka, NS North Slope (Arctic Alaska), NV Novaya Block, OB Outer Bering, OK Okhotsk, OL Oloy, OM Omolon, OV Omulevka, PK Prikolyma, SAZ South Anuyi (Suture)
Zone, SC Southern North Chukchi Basin, SIB Siberian Craton, VI Vil'kitski Trough Basin, VG Viligia, VL Vetlovskiy, WI Wrangel Island, WV Western Verkhoyansk, YA Yarakvaam.
(b) Alaska and North America. AM Amerasia Basin, AN Angayucham Terranes, AU Aleutian Arc, AX Alexander Terrane (Wrangellia Superterrane), BE Bering Shelf, BSW Bearing—
Seward, CA Cassiar Terrane, CC Cache Creek, CG Chugach, d NAM west of eastern limit of Cordilleran deformation, GO Goodnews, FW Farewell-Dillinger-Mystic, KY Koyukuk,
KT Kootenay, m metamorphic rocks, NAM North America (miogeocline), NS North Slope (Alaska), NXF Nixon-Fork, OB Outer Bering, PE Peninsula (Wrangellia Superterrane), QS
Quesnellia, RCO Ruby-Coldfoot, RU Ruby, SM Slide Mountain, ST Stikinia, TG Togiak, WR Wrangellia (Wrangellia Superterrane), YK Yakutat, YTT Yukon-Tanana, YTU Yukon-Tanana

Upland (North America Basinal).

This Latest Devonian to at least Early Mississippian rifting within
the SAO was followed by sporadic or very slow seafloor spreading
since the Pennsylvanian (Nokleberg et al., 2000) and may also ac-
count for the rifting of Alaskan terranes e.g. the Nixon Fork, Dillinger,
Mystic and Kilbuck-Idono terranes (Fig. 2), which are thought to be
of a NE Asian origin (e.g. Nokleberg et al., 2000; Blodgett et al., 2002
and references therein). This rifting may also account for the opening
of the Oimyakon Ocean Basin (Figs. 4 and 5), which separated the ter-
ranes of the Kolyma-Omolon Superterrane from Siberia (Zonenshain
et al., 1990; Nokleberg et al., 2000; Lawver et al., 2002). Furthermore,
this event was broadly contemporaneous with arc magmatism begin-
ning around 385 Ma and maybe an early phase of extension and
rifting further east along the NAM margin including Yukon-Tanana
Terrane and opening of the Slide Mountain Ocean (Figs. 2 and 9)
(Nelson et al., 2006). A continental margin arc termed the Koni-
Taigonos (or Kedon) arc and an associated subduction zone is de-
scribed to have operated outboard of these rifting events, reaching
from the Siberian and northern Laurentian margins at this time
(Fig. 4) (Nokleberg et al., 2000; Sokolov et al., 2002). However,
Nokleberg et al. (1998a) show long-lived, but likely slow or inter-
mittent, seafloor spreading occurring within the SAO from the Devo-
nian until at least ~163 Ma. Therefore, there is debate about

whether the SAO compares to an embayment of the palaeo-Pacific
(e.g. Nokleberg et al., 2000) (Fig. 10) or was located behind a con-
vergent margin running from Siberia to NAM (e.g. Parfenov, 1997)
(Figs. 4 and 5). Sokolov et al. (2002) suggest that during at least
the Late Jurassic-Early Cretaceous, or possibly since the late
Palaeozoic, the SAO was separated from the Pacific by a convergent
margin. They suggest a link along the Koni-Taigonos and Uda-
Murgal arcs and subduction zones through the southern part of
Chukotka and onto Alaska (see Section 2.4). Furthermore, Mihalynuk
et al. (1994) propose that the Alexander terrane (of the Wrangellia
Superterrane) forms part of this collisional setting, lying between the
Kolyma-Omolon Superterrane and the Yukon-Tanana Terrane (see
Section 2.5) in at least the “Pre-Triassic.”

Furthermore, Colpron and Nelson (2009) provide an extensive
discussion of Palaeozoic affinities for terranes along the NAM Cordillera
and suggest an alternative model for the Laurentian margin, which chal-
lenges some aspects of the above summary for the opening of the SAO.
They propose that the Siberian, Baltican and Caledonian affinities of
several outboard terranes including the basement of the Quesnellia
arc, Farewell, Arctic Alaska and Alexander terranes (partial basement
of the future Wrangellia Superterrane) (Fig. 2) can be explained
through “Scotia-style” subduction and the creation of a “Northwest
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Fig. 3. Orthographic maps of our preferred plate model for the circum-Arctic for selected timesteps between 200 Ma and 80 Ma. Reconstructed present-day terranes and tectonic
features (as in Fig. 2) coloured for circum-Arctic regions and grey for rest of world, plate boundaries in red. Other timesteps can be found in Fig. S1. Velocities in black, see inset for

scale.

Passage.” The sinistral transpressive zone along western Laurentia
(Canadian side) during the Devonian is described to account for the
southward-movement of these terranes. The westward rollback of this
subduction zone towards Panthalassa is suggested to be the cause of
Devonian rifting of the Yukon-Tanana Terrane and opening of the Slide
Mountain Ocean and by implication, we also suggest, the opening of the
SAO. While a complete discussion of Palaeozoic tectonics predates the
time range upon which we focus, their suggested cause of rifting does

not preclude the contemporaneous opening of the Oimyakon Ocean
Basin and motion of the terranes of the Kolyma-Omolon Superterrane
(see Section 2.5, Fig. 9). Regardless of the cause i.e. rotational rifting of
Siberia away from Laurentia versus Scotia-style subduction rollback,
the majority of the SAO is suggested to have opened by the end of the
Carboniferous.

According to Nokleberg et al. (2000) and references therein, prior
to the opening of the Amerasia Basin, the following subduction
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Fig. 4. Regional map of our preferred circum-Arctic model at 200 Ma and 180 Ma as
viewed in GPlates (orthographic map projection) overlain with labels. Topography
raster (ETOPO2) cookie cut to time-dependent reconstructed terranes (Fig. 2). Oceanic
plates/basins labelled in white; CCR Cache Creek Ocean, FAR Farallon, IZA Izanagi, MOK
Monghol-Okhotsk, OMY Oimyakon, SAO South Anuyi Ocean. Selected terranes labelled
in blue as in Fig. 2. Subduction and associated arcs labelled in pink. Note that the
accreted NAM and Alaskan terranes (Yukon-Tanana Terrane and Wrangellia Superterrane)
are in present-day relative positions and do not incorporate any Cenozoic strike-slip or
deformation (see in text). At 200-180 Ma the SAO is located behind a subduction zone,
Koni-Taigonos, running continuously from near the MOK to along the western Laurentian
margin. Star denotes that alternative ‘embayment’ model exists (Fig. 10). Wrangellia
Superterrane migrating north-northeast towards the Laurentian margin. At 200 Ma subduc-
tion polarity along the Talkeetna-Bonanza arc is to the south-southwest, with the Cache
Creek Ocean being subducted under the Farallon Plate. Subduction along western Laurentia
is not necessary to subduct the Cache Creek from 200-185 Ma but is included for consistency
and to link with the Koni-Taigonos arc. At 185 Ma subduction polarity along the Wrangellia
Superterrane switches to dipping to the north-northeast along the Gravina arc inferring
trench advance and Farallon subduction under the Cache Creek Ocean. Intersection between
Talkeetna-Bonanza and Gravina arcs and the [ZA-FAR-CCR mid-ocean ridge simplified with
a transform boundary, however, configuration is likely more complicated. Rifting has
commenced in the Amerasia Basin at 195 Ma, and at this time the SAO and AACM are located
on a single plate.
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Fig. 5. Regional orthographic map of our preferred circum-Arctic model at 160 Ma and
150 Ma as viewed in GPlates. Labels as in Fig. 4. Star denotes that alternative ‘embayment’
model that exists (Fig. 10). At 160-150 Ma east-dipping subduction (relative to
present-day) of the Oimyakon Ocean under the Kolyma-Omolon Superterrane (KOST)
has commenced, the Kobuk Sea (KOB) is being subducted beneath the Koyukuk subduction
zone, SAO is being subducted under the northern KOST margin along the Oloy subduction
zone. The boundary between the SAO and AACM plates are now delineated and rifting is
continuing in the Amerasia Basin. Outboard Uda-Murgal subduction margin is running
from Siberia to Laurentia (further arc segment naming shown at 160 Ma). Wrangellia
Superterrane is further approaching the Laurentian margin.

history is implied along the northern Siberian and Kolyma-Omolon
Superterrane margin: from ~230 Ma an Alazeya island arc and sub-
duction zone subducted part of the “ancestral Pacific Ocean” and
“moved toward” the Omulevka terrane (of the later Kolyma-Omolon
Superterrane), inferring trench advance (Figs. 4 and 10). The Alazeya
arc is described to have existed from at least the Late Triassic, or pos-
sibly as early as the mid or late Palaeozoic, to the Early Jurassic when
it was accreted to the Kolyma-Omolon Superterrane. How and if the
Alazeya arc linked to, or was a segment of, the Koni-Taigonos arc
is ambiguous during these periods. Parfenov (1991) suggests that
the Alazeya subduction zone subducted the palaeo-Pacific from the
Carboniferous to the Late Jurassic. Nokleberg et al. (2000) suggest a
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Fig. 6. Regional orthographic map of our preferred circum-Arctic model at 140 Ma and
130 Ma as viewed in GPlates. Labels as in Fig. 4. Star denotes that Arctic terranes are
located in their relative present-day position and may be located further south
along the NAM (behind the subduction zone) at this time. Seafloor spreading has
commenced in the Amerasia Basin at 142.5 Ma with the AACM now being divided
into the two microplates; North Slope (NSM) and Eastern Siberian (ESM). IZA-FAR-CCR
ridge now propagated into the SAO, and SAO is being subducted along the Koyukuk-
Nutesyn subduction zone. Wrangellia Superterrane recently accreted to the Laurentian
margin with subduction jumping outboard.

correlation of the Alazeya arc and the mid-late Palaeozoic rocks of the
Carboniferous Skolai arc of the Wrangellia Superterrane, which also
matches the described Caledonian affinity for the Alexander terrane
(Colpron and Nelson, 2009). The authors also suggest that the SAO
as opposed to the “ancestral Pacific Ocean” or the Angayucham
Ocean is behind the Alazeya arc and is not being subducted during
the Late Jurassic (Figs. 3 and 4, S1). This is in contrast to other models,
which suggest partial subduction of the SAO since at least the Late
Palaeozoic or Middle Triassic to Middle Jurassic through a combina-
tion of the Alazeya and Oloy subduction systems (alternative spelling,
Oloi, Oloy-Svyotov Nos or Oloi-Alazeya; Zonenshain et al., 1990;
Sokolov et al., 2002, 2009) (Fig. 5). However, there appears to be am-
biguity with reference to the Alazeya and Oloy arcs and whether they
are a linked and contemporaneous system of arcs or sequential in
time. For example Zonenshain et al. (1990) attribute Middle Triassic
to Middle Jurassic-aged arc material within the Kolyma-Omolon
Superterrane to the subduction near the “Oloi-Alazeya” arc, however,

60°N

30°N

150°W

60°W

30°N

150°W

120°W

90°W 60°W

Fig. 7. Regional orthographic map of our preferred circum-Arctic model at 120 Ma and
100 Ma as viewed in GPlates. Labels as in Fig. 4. The Amerasia Basin has completed opening
and subduction has now resumed running from the Siberian to western Laurentian margin,
including the Uda-Murgal and later Okhotsk-Chukotka subduction zones.

also describe an “Oloi” arc of Upper Jurassic-Lower Cretaceous age
(also shown in Sengdr and Natal'in, 1996). Various authors refer to
either a linked onstrike system i.e. Alazeya-Oloy arc as early as the
Carboniferous (e.g. Sokolov et al, 2002, 2009) or separate system
i.e. Alazeya arc and a later Oloy arc (e.g. Parfenov et al., 1993;
Parfenov, 1997; Nokleberg et al., 2000) (Fig. 10). For simplicity and
the evidence of separate arc histories, discussed below, we have chosen
to separate these arcs temporally in our reconstructions (Figs. 4-6, 10).

From around the Bathonian (~193 Ma) the Alazeya arc and sub-
duction zone is described to have undergone a polarity reversal and
migrated towards the Kolyma-Omolon Superterrane (Nokleberg et
al., 2000). How the Alazeya arc links to the Koni-Taigonos arc to the
west and the Laurentian subduction zone to the east during this peri-
od of rollback and polarity reversal is also ambiguous. From around
the Oxfordian (~163 Ma) the Oimyakon Ocean Basin was subducted
along an eastward-dipping Uyandina-Yasachnaya subduction zone
(Fig. 5) (see Section 2.3) (Nokleberg et al., 2000). It is possible that
the described Alazeya polarity reversal represents either the incep-
tion of the Uyandina-Yasachnaya subduction zone or possibly the
subduction of a back-arc within the Kolyma-Omolon Superterrane
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Fig. 8. Regional orthographic map of our preferred circum-Arctic model at 80 Ma and
50 Ma as viewed in GPlates. Labels as in Fig. 4. Progressive southward stepping of subduction
along northern Panthalassa including the Okhotsk-Chukotka (OCVB) subduction, Koryak-
Kamchatka and Aleutian-Bering subduction. Counter-clockwise rotation of Kamchatka
microplate (KAM) and opening of Eurasia Basin (EURB) has commenced. The Izanagi Plate
breaks into Kula Plate (KUL) and the Farallon Plate into the Vancouver (VAN) plate at
79 Ma and 53 Ma, respectively.

which is thought to have occurred from ~180 to 160 Ma (Parfenov,
1991; Oxman, 2003) (Section 2.3, Fig. 10). Also around this Mid to
Late Jurassic time, part of the SAO was subducted under the northern
margin of the Kolyma-Omolon Superterrane into a south-southwest
dipping subduction zone associated with the Oloy arc (Fig. 5)
(Parfenov et al., 1993; Nokleberg et al., 2000).

Furthermore, during the closure of the SAO, subduction zones as-
sociated with the Koyukuk and Nutesyn arcs (also referred to as
Kulpolney or Togiak-Koyukuk) (Figs. 3, 5 and 6, S1) were located
along the opposing margin of the AACM (e.g. Nokleberg et al., 2000;
Sokolov et al., 2002, 2009). According to Nokleberg et al. (2000) the
Nutesyn and Koyukuk arc existed from the Late Jurassic to mid-
Cretaceous and associated subduction led to the accretion of the
oceanic Velmay (within Bering-Seward terrane), Goodnews and
Angayucham terranes and related island-arc terranes of Nutesyn,
Koyukuk, Nyac (within Koyukuk terrane) and Togiak (Fig. 2,
Table 2). Stratigraphic data suggest that, during the Late Proterozoic,

much of proto-Alaska and adjacent terranes including the Chukotka-
Wrangell regions represented an Atlantic-type passive continental
margin that faced the Palaeo-Pacific (Nokleberg et al., 2000). The
Nutesyn arc is described as a continental margin arc with subduction
dipping under the AACM (Parfenov, 1997). However, the adjacent
Koyukuk subduction zone dipped initially towards the SAO
(intraoceanic) leading to the subduction of the “Kobuk Sea” (Plafker
and Berg, 1994) until its accretion around 160-145 Ma. Subduction
polarity then flipped along the Koyukuk arc and subduction zone to
match the Nutesyn arc system (Figs. 5 and 6). In this reversal model
(Plafker and Berg, 1994; Nokleberg et al., 2000), the Koyukuk arc
and subduction zone subducted part of the Kobuk Sea from perhaps
as early as the Mid-Jurassic. Shortening of 200-500 km along the
southern region of AACM has been suggested during the collision of
the Koyukuk arc (Plafker and Berg, 1994). In contrast, Parfenov
(1997) suggests that the Koyukuk arc was formed in the Early and
Middle Jurassic during the continued seafloor-spreading within the
SAO and accreted in the Late Jurassic. In either case, a subduction
zone along the southern margin of the AACM is inferred to have
consumed the majority of the SAO, culminating in the collision of the
AACM and Siberia, as opposed to dominant subduction occurring
along the south of the SAO (Oloy subduction). The counter-clockwise
rotation of the AACM away from NAM and associated subduction of
the SAO infers significant SAO slab-roll back along the Koyukuk-
Nutesyn arc system (Figs. 6 and 7). Both subduction zones (Oloy and
Koyukuk-Nutesyn) on opposing margins of the SAO may have been co-
eval for a period of several million years leading to rapid consumption of
the ocean crust (Sokolov et al.,, 2002) (Fig. 5).

The existence of subduction along either, or both of, the northern
Kolyma-Omolon Superterrane (Oloy arc) and southern AACM mar-
gins (Koyukuk and Nutesyn arcs) before the Late Jurassic is an impor-
tant consideration for our plate model. During rifting or seafloor
spreading of the SAO, albeit slowly or intermittently, the creation of
new ocean crust must have been accommodated by either relative
motion between NAM and Siberia and/or subduction along the SAO
margins. Earlier Palaeozoic rifting between NAM and Siberia includ-
ing the clockwise rotation of Siberia, collision with Kazakhstan and
the closure of the “Palaeoasian Ocean” (Golonka, 2011) may have ac-
commodated the hypothesised rifting and seafloor spreading within
the SAO. However, significant relative divergent motion during the
Jurassic is not accommodated by our rotations of Siberia (fixed to
Eurasia) and NAM. Lack of rotational divergence could be a limitation
of our plate model, however, it could also explain long-lived SAO
subduction, or imply that seafloor spreading within the SAO was
insignificant or absent during post-Devonian times. In our model,
there is a period of relative convergence between NAM and Siberia
from at least 200-190 Ma, which may have contributed to subduction
in the SAO region during this time, however we choose not to incor-
porate such early subduction in our preferred model. The relative
locations of NAM and Siberia in our model suggest that the maximum
size of the South Anuyi Ocean during the Jurassic was less than
2000 km (as measured between the KOST and the south-western
margin of the AACM).

Didenko et al. (2002) show subduction of the SAO along the Oloy
arc during the Triassic-Early Jurassic (~200 Ma) and interestingly,
suggest a northward-migrating island arc system (Kanchalan and
Pekulney segments) close to 30-40°N at this time. However, follow-
ing the interpretation of Nokleberg et al. (2000), the earliest subduc-
tion that existed along the southern AACM margin (represented by
the Nutesyn-Koyukuk arc) was Late Jurassic and along the northern
Kolyma-Omolon Superterrane margin (represented by the Oloy and
Svyatov arcs) was during the Late Jurassic, after the reversal of the
Alazeya arc. This timing is largely supported by Layer et al. (2001) who
dated subduction along the northern Kolyma-Omolon Superterrane
margin at 130-123 Ma. However, while Nokleberg et al. (2000) do not
explicitly describe an arc or subduction zone setting within the SAO,
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Fig. 9. Simplified regional orthographic map of the Slide Mountain Ocean and western Laurasia (base reconstruction shown ~260 Ma, longitudes and latitudes approximate) as
viewed in GPlates overlain with our speculative earlier tectonic evolution of the region; Carboniferous mid-ocean ridge and triple junction, dashed red line, accounting for the
opening of the Slide Mountain and likely the Oimyakon and South Anuyi oceans as well. Continuation of the mid-ocean ridge in the South Anuyi Ocean may have connected through
towards Baltica, and/or transitioned to a passive plate boundary or transform. Additional subduction zones may have existed along the continental margins but are not shown.
Locations of the terranes of the future Kolyma-Omolon Superterrane are not shown. Carboniferous to Permian subduction zone, dashed black line, dipping to the east as the
Slide Mountain Ocean opened, inferring slab roll-back. The continuation of subduction north to the Siberian margin and south along southern Laurentia is unclear. Maximum
width of Slide Mountain Ocean estimated to be 1300-3000 km. A subduction zone polarity reversal and jump is delineated by the solid black line (adapted from Nelson et al.,
2006), with west-dipping subduction of the Slide Mountain Ocean and slab roll-back. We suggest that the Cache Creek Ocean opened during this period of closure, possibly in a
back-arc setting (not shown here). Terranes labelled in blue as in Fig. 2; the terranes of the Yukon-Tanana (YTT), Stikinia (ST), Quesnellia (QS) terranes and Wrangellia
Superterrane (WR) are located in their relative present-day configuration, respectively (not accounting for later Cenozoic deformation).

they do describe the accretion of the Kotel'nyi terrane to the Taimyr
Peninsula during ~230-200 Ma and the “continued” migration of the
passive-continental-margin Nixon-Fork and Dillinger-Mystic terranes
towards the NAM margin during at least 208-193 Ma, suggesting that
in fact subduction did exist in these areas, and by implication, this
would have been contemporaneous with seafloor spreading. Further-
more Sokolov et al. (2002) also suggest that a widespread record of
Late Palaeozoic and Early Mesozoic island-arc complexes, attributed to
Alazeya-Oloy island-arc magmatism, supports subduction during this
time. In contrast, Plafker and Berg (1994) show the Ruby, Nixon-Fork
and Dillinger-Mystic terranes to be largely accreted to the NAM margin
by the Late Devonian before the opening of the Slide Mountain Ocean.
We chose to exclude a Mesozoic spreading ridge within the SAO for
our preferred model, apart from during the opening of the Amerasia
Basin and rotation of AACM when the Farallon-Izanagi-Cache Creek
ridge propagates into the region.

In addition to the difficulty in constraining the onset and duration
of subduction (and possible seafloor spreading) within the SAO, there
are a multitude of published timings from the Kolyma-Omolon
Superterrane and AACM regions referring to the final stages of SAO
basin closure. Timings include syncollisional granitic plutons com-
pleted by 125-117 Ma and undeformed overlapping volcanic com-
plexes of 106-78 Ma (U-Pb and “°*°Ar methods; Katkov et al,,
2010), collision before 124-117 Ma (“*3°Ar dating; Toro et al,
2003), subduction granitoids dated 130-123 Ma (“*3°Ar dating;
Layer et al., 2001), seismic unconformities dating the onset of the
main orogenic phase in the Chukchi Peninsula to be 130-125 Ma
(seismic stratigraphic unconformity; Drachev et al., 2010) and the
presence of Bajocian to Kimmeridgian chert and shale complexes
from an inferred southern SAO location (Sokolov et al, 2002).
Hence, due to the poor constraints and mixed observations for the
timing of subduction of the SAO, our closure timing is directly

associated with the rotation of the AACM and opening of the
Amerasia Basin (142.5-120 Ma). We base our rotations for the
AACM, including commencement of seafloor spreading (142.5 Ma)
and rate, as presented in Alvey et al. (2008) with further modifications
(see Section 2.2). This assumes that the main period of opening of the
Amerasia Basin and rotation of the AACM is contemporaneous to the
main subduction phase of the SAO, which we argue is reasonable con-
sidering the complementary convergent and divergent kinematics.

In our preferred tectonic model (Figs. 3-8, S1) (Table 1), we chose a
simple reconstruction with a connection between the Koni-Taigonos/
Uda-Murgal arc running along the northern Panthalassan margin
where it links with eastward-dipping subduction under the NAM
margin (e.g. Parfenov, 1997; Sokolov et al., 2002). The SAO is therefore
located behind this convergent margin with Panthalassa and there is no
subduction of the SAO until the inception of both the Oloy arc towards
the south of the SAO and the Koyukuk and Nutesyn arcs along the
north at 160 Ma (e.g. Parfenov et al., 1993; Nokleberg et al., 2000).
We model an early phase of subduction along the northern SAO ac-
counting for the subduction of the Kobuk Sea between 160 and
142.6 Ma along the Koyukuk arc and subduction zone (e.g. Plafker
and Berg, 1994; Nokleberg et al, 2000). At 142.5 Ma the Koyukuk
subduction zone switches polarity to match the Nutesyn arc and sub-
duction zone, and continues from 142.5 Ma to 120.1 Ma. This is accom-
panied by seafloor spreading within the Amerasia Basin and
associated rotation of the AACM between 142.5 and 126/120.1 Ma
(see Section 2.2) whereby we propagate the Farallon-Izanagi-Cache
Creek ridge into the SAO and relocate subduction north of the previous
circum-Pacific subduction. For simplicity we do not incorporate any ad-
ditional back-arc subduction within the Kolyma-Omolon Superterrane
or a reversal of the Alazeya arc in this model.

As an alternative reconstruction we have generated a second
“embayment” style model (Fig. 10) (Table 1) in which we suggest that
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trench advance of the Alazeya arc occurred from 230 Ma until
around 190 Ma when the described “polarity reversal” was instead
subduction of a back-arc between the terranes of the Kolyma-Omolon
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Superterrane (prior to amalgamation) between 180 and 165 Ma
(e.g. Nokleberg et al., 2000; see Section 2.3). This earlier phase of
subduction within the SAO facilitates amending the Farallon-Izanagi-
Cache Creek ridge to extend into the SAO, inferring continuous seafloor
spreading during the Jurassic. While subject to significant uncertainty,
this alternative reconstruction matches the above interpretations,
which incorporate an earlier phase of SAO subduction and/or model
Early Jurassic seafloor spreading (e.g. Nokleberg et al., 1998a; 2000).
Essentially the two models differ from the start of our reconstructions
(200 Ma) until 142.5 Ma where the Farallon-Izanagi-Cache Creek
ridge propagates into the SAO and subduction is represented by the
Oloy and Koyukuk-Nutesyn arcs.

2.2. Timing of Amerasia Basin opening and rotation of the AACM

Numerous tectonic models have been proposed for the evolution
of the Amerasia Basin (see Lawver and Scotese (1990) for a model
summary). Amongst the most widely accepted are rotational or
“windshield wiper” models. These models propose that the Arctic
Alaska-Chukotka microplate (Fig. 1) underwent counter-clockwise
rotation away from the Canadian margin due to rifting and seafloor
spreading during Late Jurassic to Cretaceous (e.g. Grantz et al.,
1990; Embry, 1990). First proposed by Carey (1958), this motion
invokes a rotation pole of opening in the Mackenzie Delta and rota-
tional angles of up to 66° (Halgedahl and Jarrard, 1987) have been
suggested. This rotation generally implies that the Alpha-Mendeleev
Ridge was emplaced afterwards and that the southern side of
Lomonosov Ridge represents a shear margin. Supporting evidence is
based on palaesomagnetic data from a single location (Halgedahl and
Jarrard, 1987), the restoration of truncated facies (Embry, 1990),
magnetic and gravity fabric evidence for a N-S trending extinct
spreading ridge in the Canada Basin (Laxon and McAdoo, 1994), the
interpretation of a rifted continental margin along Alaska (Grantz et
al., 1990) and a shear-margin interpreted along the Lomonosov
Ridge (Cochran et al., 2006). Furthermore, many authors discuss the
collision of this rotating microplate with the Siberian margin and
the synchronous, or possibly earlier, closure of the SAO.

More recent variations on this “windshield” rotation model include
a more complicated or multi-phase rotational history (e.g. Grantz et
al.,, 1998, 2011b). Grantz et al. (2011b) suggests a two-stage rotational
history for the AACM and Amerasia Basin; the first phase from 195 to
160 Ma leading to stretching and “oceanic-continental transition”
crust, and a seafloor spreading phase between 131 and 127 Ma.
According to this model, these two episodes of rotation are separated
by the rotation of the Chukchi Microcontinent between 145 and
140 Ma, and are followed by the emplacement of the Alpha-Mendeleev
Ridge between 127 and 89-75 Ma. It is unclear, however, what this
model infers for the Amerasia Basin between 160 and 145 Ma. A plate
model by Golonka (2011) reconstructs a rotation of Arctic Alaska be-
tween 155 and 115 Ma. Whereas, Lawver et al. (2002) propose that
rifting was initiated along a zone of crustal weakness in the north of
the basin and propagated to the south-southeast. The authors suggest
a rotation from ~135 to 120 Ma but state that closure between
Chukotka and Siberia may have continued until the Cenozoic.

Alternatively, transform/strike-slip models which suggest a shear
margin along Canadian Arctic Islands as Alaska rifted off the Lomonosov
or Alpha ridge (e.g. Ostenso, 1974; Kerr, 1981) or a shear margin along
Lomonosov and Alaska as Siberia rifted from Canada (e.g. Vogt et al.,
1982; Lane, 1997) have also been proposed, as well as, combination
models including extension of attenuated continental crust, transitional

Fig. 10. Regional orthographic map of our alternative ‘embayment’ style model at 200,
180 and 160 Ma as viewed in GPlates (same as our preferred model after 142.5 Ma).
Labels as in Figs. 4-6. This model incorporates the Alazeya arc, seafloor spreading
and continuous subduction in the SAO (now comprising parts of the Izanagi and
Cache Creek plates) for the Early Jurassic and closure of a “back-arc” between 180
and 160 Ma accounting for amalgamation of the Kolyma-Omolon Superterrane.
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crust, or non-traditional oceanic seafloor spreading. Variations include
rifting of the Makarov Basin (and Alpha-Mendeleev Ridge) parallel to
the Lomonosov Ridge and double rotation models (e.g. Miller et al.,
2008; Kuzmichev, 2009). Several recent publications (Miller et al.,
2006, 2008; Harris et al., 2012) based on detrital zircon geochronology
from Siberian sandstones add an additional complexity to the tradition-
al rotation models. Based on provenance studies of Triassic sandstones,
Miller et al. (2006) suggested that Chukotka originated closer to Taimyr
and Verkhoyansk rather than the Canadian Arctic, presenting a recon-
struction with relative motion between the Arctic Alaska and the
Chukotka parts of the AACM (cf. our preferred plate model). In addition,
based on syn-orogenic Jurassic—Cretaceous foreland basin sandstones in
the New Siberian Islands, South Anuyi Suture and Chukotka regions,
Miller et al. (2008) suggest that it is “impossible to break the [AACM]
plate in the centre and rotate only the Chukotka part.” Furthermore,
they suggest that the Siberian source for these sandstone deposits infers
that the SAO must have been closed by the Tithonian (~145 Ma), and
therefore before the opening of the Amerasia Basin. Subsequent orthog-
onal rifting of the Makarov Basin and transform motion along the South
Anuyi Suture is invoked to explain why these seemingly proximal fore-
land basin sandstones are now separated ~1400 km along-strike.

Not only do the above tectonic models imply different opening
mechanisms but they also differ in (1) the timing, location and rate
of rifting and/or seafloor spreading in the Amerasia Basin, (2) the
timing of rotation/displacement of the AACM, or components thereof,
and (3) the location and timing of collision and SAO subduction, if at
all. As previously noted by several authors, using a MacKenzie-Delta
pole of opening for Arctic Alaska and treating the AACM as a single co-
herent block leads to significant overlap of the more westerly compo-
nents of the AACM and the Lomonosov Ridge. The idea for (1) a
multi-part rotational and/or extensional history of the Amerasia
Basin, that is not accounted for with a single rotation (e.g. orthogonal
to rotational rifting of Grantz et al.,, 1998) and (2) that the AACM can
be broken into separate components has gained support by recent
studies (e.g. Miller et al., 2006). A consideration of such complex de-
formation geometries and kinematics may therefore address observa-
tions that some parts of the AACM are of Siberian affinity during at
least the Triassic (e.g. Miller et al., 2006, 2008) while also accommodat-
ing other observations that show complementary histories across Arctic
Alaska and Chukotka, for example Neoproterozoic plutons (Moore et al.,
1994) and Early Palaeozoic carbonate successions (e.g. Dumoulin et al,,
2002). See also a discussion about a hypothesised separate “Arctida” or
Lower Palaeozoic-Devonian AACM continent (e.g. Zonenshain et al.,
1990; Sengor and Natal'in, 1996; Cocks and Torsvik, 2011). We note
that some models which support an extensional/orthogonal rifting
origin or a separate seafloor spreading history for the Makarov
and Podvodnikov basins and the Alpha-Mendeleev Ridge, including a
piece of trapped Jurassic oceanic crust (e.g. Miller et al., 2006; McAdoo
etal., 2008; Alvey et al., 2008; Miller and Verzhbitsky, 2009), do not pre-
clude a subduction zone existing in the more southern and eastern re-
gions (with the exception of Miller et al. (2008) who suggest that the
South Anuyi Suture may represent a transform fault). Furthermore,
testing a subduction-based model for the opening of the Amerasia
Basin and associated closure of the SAO is an obvious target when
looking at mantle structure.

The apparently nonlinear pattern of the magnetic field within the
Makarov and Podvodnikov basins, combined with the uncertainty in
age and continental versus oceanic origins of the Alpha and Mendeleev
ridges and the underlying crust, presents a particular challenge to
constraining Amerasia Basin opening kinematics (e.g. Taylor et al.,
1981; Lebedeva-Ivanova et al., 2006; Miller et al., 2006; Sokolov et al.,
2009; Dove et al., 2010; Saltus et al,, 2011). However, a recently pub-
lished aerogeophysical survey by Dgssing et al. (2013) found linear
magnetic anomalies located between, and oriented orthogonal to, the
Lomonosov Ridge (Fig. 1). The authors suggest that seafloor spreading
anomalies within this region can be constrained to the Barremian or

lower Valanginian-Barremian (~138-126 Ma), which they note is
broadly contemporaneous to major rift phases of the Amerasia
Basin (e.g. Embry, 1991) and the onset of High Arctic Large Igneous
Province (HALIP) intrusive volcanic activity in Franz Josef Land,
Svalbard and Canadian Arctic Islands (Fig. 1) (e.g. Maher, 2001;
Tegner et al., 2011). Furthermore, based on seismic refraction data,
Funck et al. (2011) suggested that both the Alpha and Mendeleev
ridges are resultant from plume interaction and sea-floor spreading
parallel to the Canadian margin during the 130-80 Ma tholeiitic HALIP
phase (Tegner et al., 2011). This timing is also broadly supported by
Maher (2001) who suggest a 120-78 Ma emplacement for the Alpha
Ridge. We also note that the elongate shape of the Alpha-Mendeleev
Ridge and its approximate location on a small-circle of a rotation pole
in the MacKenzie Delta might suggest partial LIP emplacement during
spreading, as also noted for other mid-ocean ridge related LIPs including
the Rio-Grande Rise and Walvis Ridge (Coffin and Eldholm, 1994).
While speculation at this stage, we suggest this points to a complex con-
temporaneous plume-driven LIP emplacement and seafloor-spreading
configuration with possible overprinting by later magmatism to ac-
count for the spectrum of ages proposed for HALIP activity.

Based on these considerations we suggest a basin-wide, multi-stage
and three plate model for the opening of the Amerasia Basin, confining
the “windshield-wiper” rotational history to the Canada Basin and
applying an orthogonal rifting history for the Makarov-Podvodnikov
basins from the Lomonosov Ridge (Table 1). We adopt the published
rotations by Alvey et al. (2008) for the Canada Basin, which models a
rotation of Arctic Alaska between 145 and 126 Ma, with seafloor
spreading initiating at 142.5 Ma. We have chosen this reconstruction
as it incorporates relatively recent geophysical data including gravity
and magnetics. We find that if this singular rotational history is applied
to the whole of the AACM, during 145-139 Ma, which coincides with
the fastest period of rotation, 500-1000 km of rifting/seafloor is pre-
dicted in the northernmost regions of the Amerasia Basin (along the
Lomonosov Ridge). This infers a full spreading rate 8-16 cm/yr, which
compared to the predicted 100-500 km (4-8 cm/yr) of rifting and
seafloor spreading in the Canada Basin, is extremely fast and we
argue, unreasonable.

Furthermore, spreading anomalies interpreted by Dgssing et al.
(2013) point to a more reasonable 2.8-7.7 cm/yr full spreading rate
near the Alpha Ridge. We therefore suggest that the traditional
counter-clockwise rotational history of the Amerasia Basin is at least
viable for the Canada Basin, however a more orthogonal rifting geom-
etry for the northern regions is more likely. Incorporating a full spread-
ing rate of 2.8 cm/yr between 142.5 and 131.6 Ma and 7.7 cm/yr
from 131.5 to 126 Ma in the northern part of the Amerasia Basin
and assuming at least 250 km of pre-existing stretched continental
crust on each flank of the Amerasia Basin, we are able to account
for over 1200 km of opening in these regions between 142.5 and
126 Ma. Assuming the above timing and rates of seafloor spreading
are correct, the remaining ~350 km of inferred oceanic crust could
be accounted for by an additional 5 Myr of seafloor spreading (at
the rate of 7.7 cm/yr) i.e. spreading until 120.1 Ma, which is not un-
reasonable. Assuming a stretching factor of 2 (~250 km reconstructed
continental crust), similar to that proposed for the Chukchi Plateau
(Grantz et al., 1998), we reconstruct continental rifting from 195 Ma
(Grantz et al., 2011b) until 142.6 Ma along the flanks of the Amerasia
Basin, noting rifting may have initiated later. Alternative scenarios
for opening of the Amerasia Basin may include an earlier or later
onset of rifting and seafloor spreading, a faster rate of opening,
that a greater portion of the present-day Amerasia Basin is under-
lain by extended continental crust, therefore reducing the area re-
quired for oceanic lithosphere, or an offset in timing of rifting and
seafloor spreading between the northern and southern parts of
the basin.

In summary, our new tectonic model for the opening of the Amerasia
Basin implies a three-plate system whereby the AACM must be further
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divided into two regions; which we refer to as the North Slope
Microplate and East Siberia Microplate (Fig. 6). We do not retain the
“Chukotka” naming of the AACM in either of these two new microplates
due to uncertainty in the location of the plate boundary in the region.
Based on affinities between the De Long and Pearya terranes (Figs. 1
and 2) and evidence for Caledonian or Ellesmerian deformation of
Kotel'nyi (New Siberian Islands) and Wrangel Island (Fig. 1) (Drachev
et al, 2010), combined with the spreading rates in Dgssing et al.
(2013) and suggestion of rifting as early as 195 Ma (Grantz et al,
2011b) we apply rotations to the East Siberian Microplate with rifting
from 195 to 142.6 Ma and seafloor spreading between 142.5 and
120.1 Ma. Our location and delineation of the spreading ridge between
at least 138-126 Ma in the northern basins is constrained by magnetic
anomalies from Dgssing et al. (2013). Similarly, following the rotations
of Alvey et al. (2008) and rifting of Grantz et al. (2011b) we apply rifting
of the North Slope Microplate 195-142.6 Ma and seafloor spreading
145.5-126.0 Ma (only the East Siberian Microplate requires the addi-
tional seafloor spreading until 120.1 Ma). A break in the AACM is there-
fore implied in the region of Wrangel Island and it is possible that the
emplacement of the Alpha-Mendeleev Ridge is also related to this
rotational-orthogonal transitional area due to inherent lithospheric
weakness from relative motion. The along-strike separation of the
Koyukuk arc from the Nutesyn arc during 142.5-120.1 Ma may corre-
spond to a difference in spreading regimes within the Amerasia Basin
(see Section 2.1). The delineation of this boundary between the East
Siberian Microplate and North Slope Microplate could be further refined,
particularly through the development of a deforming plate model.
Significant shear is implied from 126 to 120.1 Ma between the two
microplates due to the continued seafloor spreading in the northern ba-
sins relative to the Canada Basin. We note that the pre-collisional AACM
margin has not been restored and post-opening extension or compres-
sional effects have not been removed thus leading to significant overlap
in the pre-rotated configuration. We endeavour to investigate this
further with a deformation model and in particular, quantify the magni-
tude and timing of extension of the Siberian margin (Pease, 2011). Some
authors suggest extension of 30-40% along the East Siberian Sea and
Laptev Sea regions, up to 40% in the Barents/Kara Sea area (Franke et
al., 2001; Pease, 2011), or even up to 100% (Miller et al., 2006; Miller
and Verzhbitsky, 2009), therefore reiterating that the present-day size
of the AACM is significantly larger than the original terrane.

2.3. Kolyma-Omolon Superterrane and subduction zone

The Verkhoyansk Fold Belt, located along the eastern margin of
the Siberian platform, is over 2000 km long and 500 km wide
(Fig. 1). Folding of the Verkhoyansk thrust front was initiated as
early as the Late Jurassic and represents the collision of Siberia and
the Kolyma-Omolon Superterrane (e.g. Zonenshain et al., 1990;
Parfenov, 1991; Parfenov et al, 1993; Nokleberg et al., 2000)
(Fig. 1). Collision of the Kolyma-Omolon Superterrane and Siberia is
dated from the Late Jurassic to Neocomian (143-138 Ma; Layer et
al., 2001) and deformation is thought to have ended by the end of
the Late Cretaceous with a reactivation during the Middle to Late
Pleistocene (Parfenov et al., 1995). Deformation is described to have
begun in the west and progressed to the east, and estimates of hori-
zontal shortening of various Verkhoyansk segments are between
~20 and 50% (Parfenov et al., 1995) or 150-200 km (Parfenov et al.,
1993). Parfenov et al. (1993) and Nokleberg et al. (2000) provide
more in-depth descriptions of the terranes and features of northeast-
ern Siberia.

The Kolyma-Omolon Superterrane is a collage of oceanic, conti-
nental and turbidite terranes, island arcs and cratonic fragments sep-
arated by imbricate thrust sheets (Fig. 2, Table 2) that amalgamated
in the Mid Jurassic through various episodes of subduction, collision
and extension (Parfenov et al., 1993, 1995; Nokleberg et al., 2000)
(Figs. 4 and 5). Several constituent terranes e.g. the Omolon,

Prikolyma and Omulevka terranes (Fig. 2), are thought to have
originally rifted from the Siberian Craton in the Late Devonian and
Carboniferous (Parfenov, 1991; Parfenov et al., 1993; Nokleberg et
al., 2000). Before this rifting event, the eastern Siberian margin is de-
scribed to be largely a passive margin since the Late Pre-Cambrian
(Zonenshain et al., 1990; Parfenov et al., 1995). The rifted oceanic,
or thinned continental basin, sometimes referred to as the Oimyakon
Ocean Basin (Nokleberg et al., 2000; Oxman, 2003; or Kular-Nera
Ocean, Sengor and Natal'in, 1996), was then later subducted with
the collision of the Kolyma-Omolon Superterrane and Siberia in the
Oxfordian-Early Tithonian (Fig. 5) (Parfenov, 1991; Nokleberg et al.,
2000). The deep-sea fan complex of the Kular-Nera terrane is
interpreted to represent parts of this subducted basin (Nokleberg et
al., 2000). By contrast, Didenko et al. (2002) suggest that the
“Sugoi” basin separated Kolyma-Omolon Superterrane and Siberia
and was closed by shortening and strike-slip faulting rather than a
discrete subduction episode.

There have been numerous publications discussing the Palaeozoic
and Mesozoic histories of the terranes of the Kolyma-Omolon
Superterrane, before its amalgamation, mostly focusing on the
Omulevka and Omolon terranes (e.g. see compilations by Nokleberg
et al., 1998a, 2000; Stone et al., 2003), and are often based on a
broad spread of palaeomagnetic poles and inferred rotations. Models
which broadly support a Siberian affinity for the terranes of the later
Kolyma-Omolon Superterrane, suggest that the largest latitudinal
difference between these terranes and Siberia is likely to have been
before the late Triassic and did not exceed a few thousand kilometres
(Parfenov, 1991). From at least the Ordovician to Early Jurassic,
Sengor and Natal'in (1996) reconstruct the terranes of the Kolyma-
Omolon Superterrane to be continuously connected to each other
through a “Verkhoyansk passive continental margin” which separat-
ed the Oimyakon Ocean from Panthalassa. Nokleberg et al. (2000)
suggest that before the Middle Jurassic, the terranes comprising the
Kolyma-Omolon Superterrane may have been displaced up to 20°S
from present-day latitudes, after which the terranes have retained a
similar latitude to present-day. Didenko et al. (2002) prefer a model
by which the Omolon massif travelled from ~60°N in the western
hemisphere to ~76°N in the eastern hemisphere via the polar region
between the Middle Jurassic to Early Cretaceous, while rotating 30-
40° counter-clockwise relative to Siberia. However, despite this rela-
tive motion they support a reconstruction of a continuous chain of
terranes along the Oloy arc since 200 Ma that does not include a sig-
nificant distance between them and Siberia e.g. the Omolon terrane
was between 60 and 70°N. Stone et al. (2003) suggest that at least
the Omulevka and Omolon terranes moved northward while rotating
clockwise between the Permian to Late Jurassic time, minimising an
offset of up to 40° latitude from the Siberian craton (also suggested
by Zonenshain et al., 1990). With the uncertainty in palaeolatitudes
and displacements from Siberia for the terranes of the Kolyma-
Omolon Superterrane at least since the Early Jurassic, we have chosen
to follow the reconstructions as shown in Nokleberg et al. (2000),
concentrating on their latitudinal reconstructions and relative posi-
tions between the terranes (Figs. 4 and 5) (as also applied by
Lawver et al., 2002).

The amalgamation of the Kolyma-Omolon Superterrane itself,
before its collision with Siberia, may have involved an additional
subduction zone. For example Oxman (2003) and Parfenov (1991)
suggest a Triassic or Early-Mid Jurassic southwestward-dipping sub-
duction zone (under Omulevka) leading to the collision of the Alazeya
arc and the Omulevka terrane, and subsequently the other eastward
terranes (e.g. Omolon and Prikolyma terranes) and destruction of
the intermediate back-arc basin. It is unclear where this back-arc
setting is derived from, whether it is related to the subduction of
the palaeo-Pacific, or is a back-arc of the Uyandina-Yasachnaya arc
(Zyryanka Basin, as interpreted by Nokleberg et al., 2000) or it if it
is related to the earlier Devonian rifting events. The horse-shoe
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shape of the Kolyma range (Fig. 2) has also been attributed to Alazeya
arc convergence or the subduction of an inlet of the SAO (Nokleberg
et al., 2000). The SAO inlet closure was suggested to mark the end
of a first phase of Kolyma-Omolon Superterrane collision, followed
by lateral motion of the Superterrane to the northwest forming
left-lateral strike-slip faults along the Chersky Range (Prokopiev and
Oxman, 2009). The Yarakvaam terrane is also described to have pos-
sibly provided the link between the Oloy and Alazeya arcs (Parfenov
et al, 1993; Nokleberg et al, 1994), however the geometry and
timing of this, as well as a possible connection to the Koni-Taigonos
and Uda-Murgal arcs is ambiguous. Furthermore, many recon-
structions show the terranes of the Kolyma-Omolon Superterrane
(pre-amalgamation and collision with Siberia) from west to east
(Siberia to Pacific direction, depending on the model employed)
to be Omulevka-Prikolyma-Omolon with the Yarakvaam terrane
and Alazeya and Oloy arcs along the northern edge with the SAO
(Figs. 4, 5 and 10, Table 2) (e.g. Nokleberg et al., 2000; Sokolov et
al., 2002).

In our preferred model we have incorporated the Uyandina-
Yasachnaya subduction zone to be active from 160 to 140 Ma
(e.g. Layer et al.,, 2001), after which it is prescribed as a collisional,
but non-subducting setting (Figs. 3-8, S1). We reconstruct the
Uyandina-Yasachnaya subduction zone to be located adjacent to
and dipping under the Kolyma-Omolon Superterrane (eastward,
present-day reference) (Fig. 5). This follows reconstructions
(e.g. Parfenov, 1991; Parfenov et al., 1993; Sengér and Natal'in,
1996; Nokleberg et al., 2000; Oxman, 2003) with NE dipping subduc-
tion during the Late Jurassic between the Siberian Craton and the Koly-
ma-Omolon Superterrane, subducting the intervening Oimyakon
Ocean Basin. This subduction accounts for the Uyandina-Yasachnaya
arc volcanics and thrust faulting. Additionally, this subduction history
is also supported by Layer et al. (2001) who suggests an evolving
east-dipping subduction ~160-140 Ma (possibly as early as 180 Ma)
followed by collision from 143-138 Ma. This history matches major
westerly-facing thrusts within the Verkhoyansk and Kolyma orogenic
systems with some eastward vergence in the eastern areas of the fold
belt (see Parfenov et al, 1995 for a more in-depth discussion of the
frontal thrusts within the Verkhoyansk fold belt). However, how this
subduction zone links to the Uda-Murgal arc and the Oloy arc is unclear.
In our alternative “embayment” model (Fig. 10) we incorporate the ad-
ditional subduction of a “back-arc” to account for the amalgamation of
the Kolyma-Omolon Superterrane (note the relative motion between
the terranes comprising the Superterrane, Figs. 3-5) from 180 to
165 Ma followed by the subsequent subduction of the Oimyakon Basin
(160-140 Ma) and the collision of the Kolyma-Omolon Superterrane
and Siberia (Figs. 3-5, S1). Due to the uncertainty and additional com-
plexity we have refrained from incorporating this additional subduction
zone in our preferred model.

The post-Kolyma-Omolon Superterrane accretion history for NE
Asia is largely influenced by SAO subduction and collision of the
AACM towards the north and the succession of subduction, island arc
and terrane accretion and volcanism of the western Koryak-Kamchatka
region towards the east and south-east (Figs. 6-8). Based on dikes and
pluton trends in the Kolyma-Omolon Superterrane, the area underwent
east-west extension during the Late Cretaceous between 135 and
124 Ma, ending in 120 Ma possibly due to strike-slip movement of
the accreted Kolyma-Omolon Superterrane relative to Siberia (Layer
et al.,, 2001) or from the closure of a small gulf of the SAO (Prokopiev
and Oxman, 2009). This period also coincides with documented exten-
sion in the Alaskan interior (130-90 Ma; Miller and Hudson, 1991).
A later phase of extension, between 110 and 93 Ma, was suggested to
be due to collision along the South Anuyi Suture (although, this collision
is much later than we reconstruct) or from subduction and collision
along the Okhotsk-Chukotka Volcanic Belt (Layer et al., 2001).
Alternatively, a phase of extension between 120 and 105 Ma is
thought to represent the rifting of the Amerasia Basin (Miller et al.,

2009), however, this post-dates the main AACM rotation and collision
event in our model.

In addition, we find that far-field effects related to the continued
breakup of Pangea including the opening of the Atlantic predict sig-
nificant plate convergence and crustal shortening in NE Asia. This is
of particular consequence when assigning a plate hierarchy and rela-
tive motion of a particular terrane in the Siberian region to either
NAM or Eurasia (see supplementary rotation file).

2.4. NE Asia-Pacific margin/Uda-Murgal arc

The continental margin between Siberia and the Pacific has experi-
enced successive episodes of subduction and associated island arcs since
at least the start of the Mesozoic, including Andean continental-style
subduction as well as ensimatic and ensialic-style arcs (which include a
component of back-arc extension) and suprasubduction. Origins for the
associated ophiolites and accreted terranes include both autochthonous
and allochthonous sources (Table 2). The “Uda-Murgal Arc” is described
as the Late Jurassic to Early Cretaceous convergent margin between
Siberia and the Pacific (e.g. Sokolov et al., 2002, 2009; cf. since the Late Tri-
assic in Parfenov, 1997). This arc is sometimes described as following on
from the Late Paleozoic-Early Mesozoic “Koni-Taigonos” arc (Sokolov et
al., 2009), “Kedon” arc (Nokleberg et al., 2000) or “Koni-Murgal” arc
(Zonenshain et al., 1990). The names, spelling, definition and timings of
associated arcs vary according to author. Nokleberg et al. (2000) separate
this arc system into the Late Jurassic to mid-Cretaceous “Uda” arc and the
northeastern Late Triassic to mid-Cretaceous “Kony-Murdal” arc. Here we
choose to follow the nomenclature by Sokolov et al. with an older Koni-
Taigonos and a post-Late Jurassic Uda-Murgal arc (Figs. 4-7). The south-
ern part of this subduction zone is described to be a continuation of the
Mongol-Okhotsk subduction zone (Fig. 4), the latter of which saw the
subduction and sinistral transpression of the Mongol-Okhotsk Ocean
until the mid-Cretaceous (e.g. Zonenshain et al.,, 1990; Nokleberg et al.,
2000). Successive episodes of island arc accretion, arc segments and
subduction zone jumps through to the mid-Cretaceous along the margin
with the palaeo-Pacific have also been identified e.g. Uda-Piyagin,
Taigonos, Penzhina-Anadyr, Ust-Belaya and Pekulney segments (Fig. 5)
(e.g. Sokolov et al.,, 2009) (see Nokleberg et al., 2000, for a detailed discus-
sion). Sokolov et al. (2009) claim that only a northern segment (Pekulney
and part of the southern Uda-Piyagin segment) of the Uda-Murgal volca-
nic arc contains evidence for an ensimatic island-arc and back-arc setting
with the margin further south being an Andean-style continental margin
setting. They suggest that this back-arc was linked to the SAO. Nokleberg
et al. (2000) suggest an offshore extension of the eastern parts of Uda-
Murgal arc during the Late Triassic. These reconstructions are in contrast
to Golonka (2011), who suggests a parallel set of subduction zones with
trench jumps and various episodes of terrane accretion along the
Siberian-Panthalassa margin until at least approximately 80 Ma. As pre-
viously mentioned, the continuation of the Koni-Taigonos and Uda-
Murgal arcs through the NAM subduction system during the Mesozoic
is ambiguous. Several authors e.g. Parfenov (1997) suggest a link to the
Stikinia arc (and Yukon-Tanana Terrane) via the Alazeya arc during the
Jurassic and later through the Wrangellia Superterrane arcs (Figs. 4-6).

The 3000 km long Okhotsk-Chukotka volcanic belt or arc, which over-
lies the older accreted terranes of the Kolyma-Omolon Superterrane and
parts of the AACM (Figs. 1, 7 and 8), is suggested to mark the eastern
Albian-Late Cretaceous (108-68 Ma; Layer et al, 2001; 88.5-65 Ma
Stone et al., 2009 or Hauterivian-Barremian, Vishnevskaya and Filatova,
2012) boundary between Siberia and the Pacific (e.g. Zonenshain et al.,
1990; Parfenov et al., 1993; Nokleberg et al., 2000; Sokolov et al., 2009).
Nokleberg et al. (2000) describe the Okhotsk-Chukotka volcanic belt as
well as an adjacent Olyutorka arc to be of Late Cretaceous—early Tertiary
age. Similarly, the 800 km long Kamchatka-Koryak belt (Fig. 1) (or
Kuril-Kamchatka arc; Nokleberg et al., 2000) is thought to delineate the
Maastrichtian/Eocene-Miocene margin of the continent, and an East
Kamchatka volcanic belt of Pliocene age is located further east (Parfenov
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et al,, 1993). This also matches the reconstruction of Akinin et al. (2009)
who show a southward migration of the palaeo-Pacific subduction
boundary across the Bering Sea region towards present-day subduction
along the Aleutian arc. The terranes of Koryak and Kamchatka are of most-
ly oceanic affinity and accreted in the Late Cretaceous to Early Eocene,
contemporaneous to the accretion of southern Alaskan terranes
(Parfenov et al,, 1993). Components of these terranes are also thought
to have travelled from a southerly location, most likely with the plates
of Panthalassa (e.g. Zonenshain et al,, 1990). Nokleberg et al. (2000) how-
ever, support the notion of coeval singular/curve-linear arcs and
subduction along the Siberian and NAM margins as opposed to arc
migration across/with Panthalassa (with the exception of the
Wrangellia Superterrane), and note that oblique subduction and
strike-slip displacements between arc and cratons need to be con-
sidered in tectonic reconstructions.

Towards the south of the Kolyma-Omolon Superterrane and
Chersky Range, deformation was due to the collision of the Okhotsk
continental terrane (Fig. 1) along the Bilyakchan fault/suture with
the Siberian passive margin. Deformation is inferred to have occurred
from the Late Jurassic until ~119 Ma, some authors suggest that final
deformation occurred after the collision and accretion of the adjacent
Kolyma-Omolon Superterrane to the north (Parfenov, 1991; Parfenov
et al., 1993; Prokopiev et al., 2009) whereas others suggest an earlier
collision, along with the Viligia terrane (Fig. 2), around 230-208 Ma
(Nokleberg et al., 2000). In a similar fashion to the terranes of the
Kolyma-Omolon Superterrane, the Okhotsk terrane may have separat-
ed from Siberia by rifting and spreading, during the Devonian
(Parfenov, 1991; Nokleberg et al., 2000; Prokopiev et al., 2009). The
outboard margin along the palaeo-Pacific saw subduction and arc
magmatism since at least the Devonian, including the Uda-Murgal arc
(Prokopiev et al., 2009).

We reconstruct a north-northwestward-dipping subduction zone
(under Siberia) along the palaeo-Pacific since at least the start of the
Jurassic and incorporate south-southeastward trench jumps according
to terrane and island-arc accretion. We reconstruct the Koni-Taigonos
arc from the start of our reconstructions until 160.1 Ma, followed by
the Uda-Murgal arc until 108.1 Ma, Okhotsk-Chukotka volcanic belt
subduction until 67.1 Ma and the Kamchatka-Koryak subduction until
southward stepping to the Aleutian arc around 55 Ma (Figs. 3-8)
(e.g. Nokleberg et al., 2000; Sokolov et al., 2002, 2009). We link these
arcs and subduction zones to those further east along the NAM margin
in our preferred model, and via the Alazeya and Koyukuk-Nutesyn arcs
in our alternative model (Figs. 4-8 and 10). Instead of incorporating a
double subduction zone (Koyukuk-Nutesyn and Uda-Murgal) during
the rotation of the AACM from 142.5 to 120.1 Ma, we have chosen a
simple kinematic configuration whereby the Farallon-Izanagi-Cache
Creek Ocean ridge propagates into the SAO. Once the SAO has been
subducted under AACM the subduction zone along the northern-
Pacific is restored. Our proposed locations of the convergent margin
relative to present-day match those presented in Akinin et al. (2009).
Collision of the Okhotsk/Viligia terranes (Fig. 2, Table 2) to the southern
Kolyma-Omolon Superterrane and NE Asian margins is implied after
the Kolyma-Omolon Superterrane collision until 120 Ma, and is in-
board of the Uda-Murgal and Pacific subduction zones.

2.5. North Pacific/northern North American subduction

A complex history of subduction and exotic and native terrane ac-
cretion during the Mesozoic was also experienced further east along
the Alaskan and NAM margin (see detailed summary in Plafker and
Berg, 1994). The terranes of Alaska and northwestern NAM can be
broadly separated into four terrane groups (modified from Nokleberg
et al., 2000 and Colpron et al., 2007) (Fig. 2, Table 2): (1) The inboard
passive and metamorphosed continental-margin and cratonal terranes,
e.g. NAM Craton margin, Yukon-Tanana Upland, Cassiar and Kootenay
terranes; (2) Arctic Alaska/continental margin and arc terranes

e.g. AACM and North Slope, Coldfoot, Seward, Ruby and the Nixon-
Fork/Farewell (including the Dillinger and Mystic) terranes; (3) Insular
terranes including Peninsular, Alexander, Wrangellia (comprising the
Wrangellia Superterrane); (4) Intermontane terranes including the
Yukon-Tanana, Stikinia, Quesnellia, Slide Mountain (oceanic) and
Cache Creek (oceanic); and (5) outboard island-arc and subduction
zone terranes that accreted in the Mid Jurassic to Cenozoic; Koyukuk,
Angayucham (oceanic), Yakutat, Goodnews (oceanic) and Chugach ter-
ranes. The western-most outboard terranes linked to the Late Jurassic to
mid-Cretaceous Nutesyn-Koyukuk arc and subduction of the SAO, are
discussed earlier in Section 2.1.

While the most recent 200 million years is the focus of this paper,
in order to explain the history of northern Panthalassa and NAM, both
peripheral but important regions of the circum-Arctic, we find it
necessary to attempt to reconcile the earlier Mesozoic and Palaeozoic
history. Here, we separate the discussion and explanation of our plate
model into subsections, loosely running forward in time, noting that
much overlap between times and tectonic features is unavoidable,
particularly concerning the highly debated Cache Creek Ocean.

2.5.1. The Yukon-Tanana Terrane and the Slide Mountain Ocean

The parautochthonous Yukon-Tanana Terrane was largely formed
along the NAM margin from earlier arc magmatism that commenced
around 385 Ma in the Devonian (e.g. Nelson et al., 2006). During the
early Carboniferous from around 360 to 320 Ma, south-southwest di-
rected slab-rollback along the western NAM margin and back-arc
spreading lead to rifting of the Yukon-Tanana Terrane and the opening
of an ~1300 km to 3000 km wide Slide Mountain Ocean (e.g. Plafker
and Berg, 1994; Nokleberg et al., 2000; Nelson et al., 2006) (Fig. 9).
Note, that the Slide Mountain Ocean was originally referred to as the
Anvil Ocean (Tempelman-Kluit, 1979), but this designation erroneously
correlated the Cache Creek and Slide Mountain terranes, and later as the
Cache Creek Sea (Monger and Berg, 1987; Plafker and Berg, 1994). We
suggest that this Late Devonian to Early Carboniferous rifting and
seafloor spreading history of the Slide Mountain is contemporaneous
with the opening the SAO and Oimyakon Ocean and furthermore that
this widespread rifting event is best explained by a triple junction
with one arm within the Slide Mountain Ocean, a second within the
SAO and the third either the Oimyakon Ocean Basin or adjacent to the
Wrangellia Superterrane (Fig. 9) (see below).

The Carboniferous Finlayson, Early Permian Klinkit and mid-Late
Permian Klondike assemblages are often referred to as the magmatic
arcs associated with stages of subduction of both “Panthalassa” and
the Slide Mountain Ocean along the Yukon-Tanana Terrane (Nelson et
al., 2006; Colpron et al., 2007; Colpron and Nelson, 2009). Additionally,
two major island-arc systems, Stikinia and Quesnellia (Fig. 2), are
commonly defined by their Late Triassic-Early Jurassic suite of plutonic,
carbonate and volcanic rocks, but Devonian to Permian volcanics are
also noted (e.g. Nokleberg et al., 2000). Northern portions of Stikinia
and Quesnellia are penetrated and deformed, and may be included as
stratigraphically and/or structurally overlying part of the Yukon-Tanana
Terrane (e.g. Nokleberg et al., 2000). However, alternative non-NAM
origins for Stikinia and Quesnellia exist (Johnston and Borel, 2007; see
below). According to Nelson et al. (2006), the Pennsylvanian-Perm-
ian arc system of the eastern Yukon-Tanana Terrane and the northern
Quesnellia arc consistently faced towards the west (subduction dipping
towards the east). However, they suggest that arc polarity for the Stikinia
arc from the Devonian and Pennsylvanian-Permian is towards the east
(subduction dipping towards the west; also supported by Nokleberg et
al,, 2000), despite both arcs being connected to the Yukon-Tanana Ter-
rane (Fig. 9).

Maximum width of the Slide Mountain Ocean was reached around
the Early Permian before the cessation of back-arc spreading, a sub-
duction zone jump and polarity reversal with subduction dipping to-
wards the southwest around 280-260 Ma (Nokleberg et al., 2000) or
269-253 Ma (Nelson et al., 2006). Subsequent subduction along the
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eastern margin of the Yukon-Tanana Terrane and closure of the Slide
Mountain Ocean saw the accretion of the Yukon-Tanana Terrane and
much of the Quesnellia arc to the NAM margin. Depending on the tec-
tonic scenario, suggested timings of Yukon-Tanana-Quesnellia accre-
tion range from the Late Permian (Nelson et al., 2006), 260-252 Ma
(“Klondike” orogeny, Beranek and Mortenson, 2011), Mid-Permian
to Late Triassic (Mortensen, 1992), “early Mesozoic” (Colpron et al.,
2007) or 187-174 Ma (Mihalynuk et al., 1994). The point of accretion
of the Yukon-Tanana Terrane is thought to be relatively close to its
original location before Devonian rifting (Nelson et al., 2006;
Colpron et al., 2007). In addition to subduction along the east margin
of the Yukon-Tanana Terrane, Nokleberg et al. (2000) also recon-
struct an additional subduction zone closer to the continental margin
during the migration of the Stikinia-Quesnellia arc towards NAM
(this double configuration is also shown in Nelson et al., 2006;
Colpron and Nelson, 2009).

2.5.2. Stikinia and Quesnellia and the Cache Creek Ocean

The present-day geometry of the Yukon-Tanana-Quesnellia-
Stikinia terranes is interpreted as a hairpin shape running from the
more continent-proximal arm of the Quesnellia arc in the east/south,
through the Yukon-Tanana Terrane with metamorphosed components
of both Quesnellia and Stikinia, into the well-preserved Stikinia arc
in the west. An additional ocean basin, separate to the Slide Mountain
Ocean, with a distinct assemblage of exotic Late Permian Tethyan
fauna is referred to as the Cache Creek Ocean (e.g. Coney et al., 1980;
Nokleberg et al., 2000). Notably, the present-day Cache Creek terrane
is enclosed between the Yukon-Tanana-Quesnellia-Stikinia terranes
(Fig. 2), and it could therefore be assumed that the associated ocean
lay only between the reconstructed arcs of Quesnellia and Stikinia.
However, through a time-dependent consideration of connected plate
boundaries and a detailed analysis of existing reconstructions, below,
we identify the limitations of this interpretation and suggest that the
plate to which the future Cache Creek terrane belonged can be extrapo-
lated further outboard to the west, beyond that of the Stikinia to
Quesnellia domain.

Mihalynuk et al. (1994) suggested that the present-day configura-
tion of the Yukon-Tanana-Quesnellia-Stikinia terrane was due to
oroclinal warping from a counter-clockwise rotation of Stikinia (relative
to Quesnellia) isolating the Cache Creek Ocean from Panthalassa during
the Late Triassic to Early Jurassic (beginning 235-208 Ma until 187-
174 Ma). In this model, the timing of onset of oroclinal rotation is roughly
contemporaneous with the timing of closure of the Slide Mountain Ocean.
Their reconstructions show the east-dipping subduction of the Cache
Creek Ocean under the Quesnellia section to an increasingly westward-
dip under the Stikinia section. Closure and accretion of at least Yukon-
Tanana and Quesnellia to the NAM margin is achieved by 187 Ma, and
by inference also the Slide Mountain, with final collapse of a remnant
Cache Creek Ocean and Stikinia by around 173 Ma (Mihalynuk et al.,
2004). This timing is much later than more recent models based on
U-Pb geochronology (e.g. Beranek and Mortenson, 2011), possibly due
to a difference in timings based on accretion versus orogenic building.

By contrast, Colpron et al. (2007) acknowledge the oroclinal
warping mechanism of Mihalynuk et al. (1994) but state and recon-
struct the accretion of “the Yukon-Tanana Terrane, along with its
juvenile arc cover (Harper Ranch, Quesnellia, and Stikinia)” to be
early Triassic ~250 Ma. Significantly, even though Quesnellia is con-
sistently reconstructed further east than Stikinia, the two arcs are
continuously connected along strike, as is similarly shown in Nelson
et al. (2006), Colpron and Nelson (2009) and Cocks and Torsvik
(2011). The lack of a name beyond “Panthalassa” or delineation of a
plate boundary further to the west of this subducting oceanic litho-
sphere (Cache Creek under Stikinia-Quesnellia) in many of these
reconstructions (e.g. Mihalynuk et al., 1994; Nokleberg et al., 2000;
Colpron et al., 2007), facilitates the simplest interpretation that the
same oceanic plate extends to the west and south i.e. Cache Creek

Ocean. By inference the Stikinia and Quesnellia arcs also continued
after Slide Mountain Ocean closure, leading to renewed east-dipping
subduction under western Laurentia from the Late Triassic (Colpron and
Nelson, 2009) and therefore suggesting subduction of the remaining
Cache Creek Ocean or “Panthalassa” until Wrangellia Superterrane
accretion.

There is significant disparity in the timing of initiation and cessation
of subduction of both the Slide Mountain and Cache Creek oceans as
well as the associated time of arc and terrane accretion. Part of this
confusion might stem from original naming discrepancies of the adja-
cent oceanic components, diverse collision-related geochronological
data, and subduction polarity-timing interpretations. Furthermore, the
separation of the Farallon Plate from the Cache Creek Ocean, or any
other missing ocean not discussed here, is unclear. Notably, in most
models (e.g. Nokleberg et al., 2000; Nelson et al., 2006; Colpron et al.,
2007; Colpron and Nelson, 2009), the Stikinia and Quesnellia arcs
along with the Yukon-Tanana Terrane are consistently contiguous,
despite the hair-pin style rotation and the observation of a distinct
Cache Creek Ocean. Hence, the difference in the timing of accretion of
the Yukon-Tanana-Quesnellia and Stikinia components should not be
large or distinct, if separate at all, or perhaps best represented by a com-
plex configuration as in the present-day western Pacific. If oroclinal
warping was large enough to warrant a significantly delayed collision
of Stikinia after Yukon-Tanana Terrane collision (contrary to the similar
timing suggested by their reconstruction figures) or if oroclinal warping
occurred after an initial phase of collision is unclear.

Seton et al. (2012), however, suggest that spreading occurred in
the Cache Creek Ocean during Slide Mountain Ocean closure from
280 Ma until Yukon-Tanana-Quesnellia accretion at 230 Ma and
that the Stikinia arc terrane did not accrete until 173 Ma. This inter-
pretation therefore suggests that the Cache Creek Ocean was located
between the clearly separated Yukon-Tanana-Quesnellia and Stikinia
terranes, and therefore the Farallon Plate was located between
Stikinia and the Wrangellia Superterrane. The Seton et al. (2012)
model, however, fails to reconstruct the subduction zone and plate
boundary along the Wrangellia Superterrane (see timing of magmatism
below) and thus the inferred plate between the Wrangellia Superterrane
and Stikinia is not adequately addressed. In other words, we argue
that there is not a strong case to “rift” and separate the Stikinia
segment from Yukon-Tanana-Quesnellia by a significant ocean
(e.g. Seton et al.,, 2012).

The above reconstructions are in contrast to Nokleberg et al.
(2000) who suggest subduction of the Cache Creek Ocean occurred
on one side of the Yukon-Tanana-Quesnellia-Stikinia terrane from
the Pennsylvanian to the Early Jurassic, therefore contemporaneous
to the last of their timing of Yukon-Tanana Terrane rifting from
NAM and opening of the Slide Mountain. On the other side of the
Stikinia and Quesnellia arcs, the Slide Mountain Ocean is described
to have been subducted only from the Early Jurassic, with subduction
on either side of the Stikinia and Quesnellia arcs separated by a polar-
ity reversal in the Early Jurassic. They also suggest that the Slide
Mountain Ocean existed until 193-163 Ma when the connected
Yukon-Tanana-Stikinia-Quesnellia terranes accreted and infer that
subduction of the Cache Creek Ocean along the Wrangellia Superterrane
(Talkeetna-Bonanza arc) occurred during the Late Triassic to Early
Jurassic. In this model, due to the longevity of the Slide Mountain
Ocean, the Cache Creek Ocean is labelled as the region south of the
Wrangellia Superterrane, which could be confused with the Farallon
Plate. Nevertheless, there appears to be a difference in tectonic models
as to whether the Cache Creek Ocean was located strictly between the
Yukon-Tanana-Quesnellia terranes and the Stikinia arc i.e. is just a
product of enclosure by the suggested Stikinia rotation, or alternatively
it is more broadly the area between the Yukon-Tanana Terrane and
Wrangellia Superterrane. It could be a combination of both, with only
the preservation of the Cache Creek Ocean that was obducted with asso-
ciated oroclinal bending.
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A complexity of our preferred model, and of those others to-date,
is how to account for Permian Tethyan faunas of the Cache Creek
Ocean; the approximate eastern extent of the Tethys was over
~19000 km away from the western Laurasian margin in the Permian.
As an example, if a segment of ocean floor formed at around 300 Ma
in the Tethyan realm and accreted to western Laurentia at 230 Ma,
this requires a motion of ~27 cm/yr across the entirety of Panthalassa,
which is an unreasonably fast spreading rate. We suggest that if the
Permian Tethyan fauna are a necessary constraint on the model, the
plate configuration might be better explained by a series of arc-
backarcs and intraoceanic subduction zones that existed across
northern Panthalassa, extending from the Tethys to western Laurasia.
The incorporation of additional intra-oceanic subduction zones within
Panthalassa e.g. Kutcho-Sitlika (Schiarizza et al, 1998) or Stuhini-
Nicola (Johnston and Borel, 2007) may confine the Cache Creek Ocean
to a smaller plate somewhere between our modelled Wrangellia
Superterrane and Stikinia-Quesnellia.

Sigloch and Mihalynuk (2013) recently presented a novel interpre-
tation of seismic tomography under NAM and suggest an alternative
plate model that challenges the long-standing view of Andean-style
continental subduction. Their revised plate model for selected timesteps
labels a new “Mezcalera” Plate existing between Wrangellia and
Stikinia-Quesnellia/NAM. The plate boundary complexity implied by
their model including the polarity reversals, implications for origins
of the plates and trenches, plate boundary continuation, relative
plate motion and, significantly, the dynamics required to explain
long-lived intra-oceanic trench stability provides a case-study for fu-
ture investigation. On the other hand, Johnston and Borel (2007) sug-
gest an alternative history for the Cache Creek, based largely on the
assumption that a Tethyan origin for the Cache Creek terrane cannot
be reconciled with a NAM-origin for the Stikinia-Quesnellia terrane.
They suggest a migration rate of 11 cm/yr of the Cache Creek terrane
from the Tethys towards eastern Panthalassa from 280 Ma, collision
with a non-NAM derived Stikinia and Quesnellia arc at 230 Ma at a lo-
cation some 10000-11000 km west of NAM, collision of these units to
a pericratonic platform including the Cassiar terrane at 180 Ma and
collision to the NAM margin around 150 Ma. As mentioned previously,
how the Wrangellia Superterrane and arc fit into this reconstruction,
as well as the continuation of these intraoceanic subduction zones
that must span a significant portion of Panthalassa and implications
for plate boundaries, is unclear. We stress that while alternative sce-
narios exist, future plate models should in a time-dependent sense
specifically delineate plate boundaries, name the associated plates
(beyond that of “Panthalassa”) and arcs, and consider the implications
for relative plate motion, as is the novelty of our approach here.

2.5.3. Wrangellia Superterrane and the Cache Creek Ocean

The next major Mesozoic tectonic event along north-eastern
Panthalassa margin was the accretion of the allochthonous Wrangellia
Superterrane to NAM. The composite Wrangellia Superterrane includes
four island arcs (Early Ordovician to Late Devonian Sicker arc,
Pennsylvanian to Early Permian Skolai arc, Late Triassic to Early Jurassic
Talkeetna-Bonanza arc and Late Jurassic to Mid-Cretaceous Gravina
arc) and three sequences (Alexander, Peninsular and Wrangellia)
which generally young from east to west (e.g. Nokleberg et al., 2000).
Origins and motions of the several terranes and arcs of the Wrangellia
Superterrane are varied and, due primarily to a lack of data and
conflicting palaeomagnetic data, previous models have largely failed
to address the time-dependent evolution of the early history of the
Wrangellia Superterrane.

A component of the future Wrangellia Superterrane, the Alexander
terrane is suggested to have originated from Baltica in the mid-
Palaeozoic (e.g. Butler et al., 1997; Colpron and Nelson, 2009). For
example, based primarily on palaeomagnetic data (e.g. Hillhouse and
Grommeé, 1984; Haeussler et al,, 1992) Butler et al. (1997) suggested
that the Alexander terrane rifted from Baltica in the Devonian and

migrated to 25-30°N latitude in the Permian (though also noted a pos-
sible eastern Gondwanan origin based on paleomagnetic uncertainty
and Ediacaran arc-related rocks, see Colpron and Nelson, 2009). Fur-
thermore, the Alexander terrane may have amalgamated with the
Wrangellia terrane in the Mid-Pennsylvanian (Gardner et al., 1988),
or the Talkeetna-Bonanza arc and Peninsula Terrane may have formed
either on the combined Wrangellia—Alexander terrane or collided with
it during the Permian to Late Jurassic (Trop and Ridgway, 2007 and ref-
erences therein). Assuming the above northerly reconstructions, it is
likely that the early tectonic history of the Wrangellia Superterrane is
intimately linked to the opening of the Slide Mountain Ocean and SAO.

The above reconstructions for the Wrangellia Superterrane are
also supported by Belasky et al. (2002), who offer a Permian recon-
struction whereby the Wrangellia Superterrane is located further
north (30°N) but along strike of the Stikinia and Eastern Klamath ter-
ranes. Alternatively, Colpron and Nelson (2009) invoke a “northwest
sinistral passage mechanism” with sections of slab rollback linked via
transform faults (see Section 2.1) to transport the Alexander terrane
from Baltica towards Panthalassa. At the Pennsylvanian-Early
Permian, the authors reconstruct the Wrangellia Superterrane further
west and north (~30°N) but connected to the Yukon-Tanana-Stikinia
terrane, and by the Late Permian-Early Triassic further increase the
distance between the two terranes, with the Wrangellia Superterrane
still located ~30°N. By the early Mesozoic, continued southward mo-
tion of the Wrangellia Superterrane is suggested by various authors
(e.g. Plafker and Berg, 1994; Butler et al., 1997; Nokleberg et al., 2000;
12°N Trop et al., 2002; Trop and Ridgway, 2007 and references therein)
with low palaeolatitudes (10-20°N) suggested by palaeomagnetic and
geologic evidence during the Late Triassic to Early Jurassic (see Table 3
in Nokleberg et al., 2000 for detailed and synthesised palaeomagnetic
data).

Assuming that the above interpretations are correct, a plate model
must account for the relative southward motion of the Superterrane
from Baltica in the mid-Palaeozoic to 10-20°N in the Triassic. In
particular, it must explain a relative motion of the Wrangellia
Superterrane from north of the Yukon-Tanana Terrane to outboard
and to the southwest during this time. We suggest that the kinemat-
ics required to migrate the Wrangellia Superterrane in such a way, are
best explained by an evolving triple junction and mid-ocean ridge
spreading system (Fig. 9). Thus, a particular complexity in the
mid-Phanerozoic history of northern Panthalassa is reconciling the
motion of the Wrangellia Superterrane and the creation of the
Cache Creek Ocean. Due to the evidence for a distinct ocean basin,
the configuration of the Yukon-Tanana-Quesnellia-Stikinia assemblage
and the arguments presented above, we suggest that the area between
Yukon-Tanana-Stikinia-Quesnellia and the Wrangellia Superterrane
(and perhaps a component of the area between Stikinia and Quesnellia
during rotation) represents the Cache Creek Ocean.

If, however, the Wrangellia Superterrane remained along-strike and
proximal to the Yukon-Tanana-Stikinia-Quesnellia terranes since the
Permian, the consequences for plate boundaries and an intervening
ocean basin (Cache Creek or other) radically differ to our preferred
model. Here, we follow the majority of existing models, which clearly
distinguish the evolution of the Wrangellia Superterrane, in both
discussion and diagrammatic representation, from the Yukon-Tanana
system (i.e. Insular versus Intermontane terranes e.g. Nokleberg et al.,
2000; Colpron et al,, 2007). Whether the inferred elongate Wrangellia
Superterrane arc followed a longitudinal or latitudinal orientation
during its evolution is unclear. Better constraints on palaeomagnetic
data and the restoration of the Cenozoic dextral strike-slip motion
(see below) will facilitate such reconstructions. In addition, the history
of the Eastern Klamath terrane and the terranes of the future Kolyma-
Omolon Superterrane (e.g. Omolon, Prikolyma) are likely key compo-
nents to reconstructing the extent of this large rift setting.

To add to the uncertainty of this region, we find that one of the
most significant implications for regional plate reconstructions is
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the dip direction of the subduction zone along the Wrangellia
Superterrane. Trop et al. (2002) describe the Wrangellia Superterrane
to be an intraoceanic plateau setting from the Late Triassic to Middle
Jurassic (230-180 Ma). Notably, this is in contrast to the timing of the
Talkeetna-Bonanza arc of Nokleberg et al. (2000) (Late Triassic-Early
Jurassic), who imply that subduction was occurring during this time.
Nevertheless, Trop et al. (2002) suggest that this was followed from
the Mid to Late Jurassic (179-160 Ma) by an intraoceanic subduction
setting with northeast dipping subduction of the Farallon Plate along
the Wrangellia Superterrane and a backarc basin located to the north-
east. This intraoceanic subduction setting then evolved into a retroarc
foreland basin from the Late Jurassic to Cretaceous (159-145 Ma),
and was followed by a latest Late Jurassic-Early Cretaceous onset of col-
lision with NAM (144-130 Ma). Gehrels et al. (2009 and references
therein) present a detailed history of magmatism in the Coast Moun-
tains batholith suggesting that following a Mid-Jurassic “juxtaposition
of Alexander-Wrangellia against the outboard margin of Stikine and
Yukon-Tanana,” the batholith evolved as a single west-facing magmatic
arc (east-dipping subduction) since at least the Late Jurassic or
Mid-Cretaceous (~155 Ma). Based on the timing of magmatism in
the east and western portions of the batholith, they favour a model
whereby sinistral motion juxtaposed the two previously along-strike
portions around 120 Ma, and was complementary to a backarc “Gravina”
and forearc setting (Monger et al., 1994), followed by final accretion of
the Wrangellia Superterrane around 85 Ma.

This dominant north to northeast-dipping subduction under the
southwest margin of the Wrangellia Superterrane is also presented
in Nokleberg et al. (2000). However, these authors also state that
the earlier “Talkeetna-Bonanza arc is interpreted as having formed
from the Late Triassic and Early Jurassic subduction of part of the
Cache Creek oceanic plate along the margin of the Wrangellia
Superterrane” and furthermore that “the Stikinia-Quesnellia arc is
interpreted as having formed during the Pennsylvanian, Permian,
Late Triassic and Early Jurassic subduction of part of the Cache Creek
oceanic plate along one margin” (before their polarity reversal and
subduction of the Slide Mountain). In conjunction with the Yukon-
Tanana-Quesnellia-Stikinia debate discussed above, we therefore in-
terpret this statement by Nokleberg et al. (2000) to not disagree with
our interpretation with the Cache Creek Ocean located between the
Yukon-Tanana-Stikinia-Quesnellia terranes and the Wrangellia
Superterrane. Due to the separation of the Wrangellia Superterrane
and Stikinia-Quesnellia-YTT arc by Nokleberg et al. (2000), we
argue that their statements actually suggest that the Cache Creek
Ocean was subducted in a south-southwest dipping subduction
zone along the eastern margin of the Wrangellia Superterrane from
at least the Late Triassic to Early Jurassic.

Furthermore, if northeast-dipping subduction is to be inferred along
the western margin of the Wrangellia Superterrane (i.e. subduction of
the Farallon Plate) during its Early Jurassic history, it could be argued
that such long-lived and extensive trench advance (in the order of at
least 3000 km) is not a dominant process in any equivalent present-day
setting (Schellart et al., 2008), whereas slab-roll back (trench retreat)
from southwest-dipping subduction is kinematically more likely. In addi-
tion, an earlier northeast-dipping subduction model along the Wrangellia
Superterrane (Farallon Plate subducted under the overriding plate of the
Cache Creek Ocean) requires subduction to occur contemporaneously
along the western NAM margin to be able to close the Cache Creek
Ocean, of which evidence is not conclusive, but may be accounted for
magmatism in Yukon-Tanana-Quesnellia-Stikinia terranes at least
since 180-160 Ma (Gehrels et al., 2009).

In an attempt to satisfy the evidence for northeast-dipping sub-
duction along the Wrangellia Superterrane since at least the Jurassic,
strongly supported by numerous authors (e.g. Trop et al., 2002; Trop
and Ridgway, 2007; Gehrels et al., 2009), we suggest an alternative
history. We suggest that the Mid-Jurassic hiatus between the
Talkeetna-Bonanza and Gravina arcs (Nokleberg et al., 2000)

represents a subduction polarity reversal facilitated by the proximity
of the Wrangellia Superterrane to NAM. We therefore reconstruct a
southwest directed subduction zone along the northeastern margin
of the Wrangellia Superterrane as the Superterrane moved north
within Panthalassa until around the Early Jurassic (185 Ma) (Fig. 4).
During this time (200-185 Ma), the motion of the Wrangellia
Superterrane is therefore dictated by the motion of the Farallon
Plate and the Cache Creek Ocean is being subducted along the north-
eastern margin of the Superterrane. From the Early Jurassic a north-
east directed subduction commenced along the western margin of
the Wrangellia Superterrane as it approached NAM (Fig. 5). For sim-
plicity we do not include the hiatus between the Talkeetna-Bonanza
and Gravina arcs but rather switch polarity at 185 Ma. The opening of
the Gravina back-arc during this final phase of subduction along the
Wrangellia Superterrane is also possible, but we have not implemented
this in our plate boundaries.

Timing of accretion of the Wrangellia Superterrane to the NAM
margin has been dated around 145-130 Ma (Nokleberg et al., 2000;
Trop et al., 2002) possibly with an earlier onset of collision around
159-144 Ma (Trop and Ridgway, 2007) or ~160-155 Ma (Colpron
and Nelson, 2009). Alternatively, some models suggest a later period
of accretion, with accretion of the Wrangellia Superterrane to Yukon-
Tanana-Quesnellia-Stikinia terranes at ~105 Ma following the closure
of a “Gravina-Kahiltna Ocean” basin (Clift et al., 2012), or ~85 after the
“collapse” of the “Gravina” backarc basin (Gehrels et al., 2009), or even
as late as the early Cenozoic (Plafker and Berg, 1994). We prefer a Late
Jurassic timing for the onset of collision of the Wrangellia Superterrane
at~140 Ma. We note that this major collisional tectonic event is broadly
contemporaneous with seafloor spreading in the adjacent Amerasia
Basin. In addition, the link between the western Laurasian and
intraoceanic subduction zones to the Koni-Taigonos and Uda-Murgal
arcs along Siberia as well as the Koyukuk arc along the AACM is uncer-
tain. Due to the episodic opposing polarities of the Talkeetna-Bonanza
and Gravina arcs we suggest that the subduction zones were at least
separated along strike from the Farallon-Izanagi—Cache Creek ridge by
a transform fault (Figs. 3-6). This configuration, however, is difficult
to account for when considering relative plate motions and associated
plate boundaries. Future reconstructions should consider the indirect
constraints from the motion of the Farallon Plate if the Wrangellia
Superterrane is located on it (i.e. subduction of the Cache Creek under
it), or vice-versa. In addition, implications for isochrons and the age of
the ocean floor should be included. It is possible that an additional
microplate(s) existed in this area to account for the intersection of sub-
duction zones between the Wrangellia Superterrane and Siberian mar-
gin, albeit via transform, mid-ocean ridges or additional subduction
zones.

Furthermore, there is a debate as to whether the Wrangellia
Superterrane was accreted within 1000 km of its present location or
1000-5000 km further south (e.g. Irving et al., 1996; Keppie and
Dostal, 2001; Stamatakos et al., 2001), with both models requiring
some amount of dextral strike-slip motion. For example, a tectonic re-
construction at 193-163 Ma in Nokleberg et al. (2000) shows that the
Wrangellia Superterrane may have been located at either 25°N or
45°N, or somewhere in between. We have applied the more northern-
accretion location for the Wrangellia Superterrane (present-day)
while still noting that post-Cretaceous dextral strike-slip migration
should be included. We also note that the accretion of the Wrangellia
Superterrane in the Late Jurassic-Early Cretaceous is contemporaneous
with subduction along the Koyukuk-Nutesyn arcs, rotation of the
AACM and opening of the Amerasia Basin. After the accretion of
Wrangellia, the Kluane and Coast arcs are described to have existed
along the southern margin of Alaska from the mid-Cretaceous, con-
tinuing possibly to the Palaeogene (75-56 Ma) and early Eocene
(55-50 Ma) respectively (Plafker and Berg, 1994; Nokleberg et al.,
2000). Again, how these subduction zones linked to the contempo-
raneous Okhotsk-Chukotka volcanic belt and Koryak-Kamchatka
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subduction zones along NE Asia is uncertain but likely continuous
due to the earlier rotation of continental fragments of the AACM.
Around the Eocene, during the accretion of the Kula Plate and
ridge, the northern Pacific subduction margin stepped southward
from within the Bering Sea to the modern day Aleutian-Wrangell
arc. The Aleutian-Wrangell arc, which continues for over 4000 km
from southern Alaska to eastern Kamchatka, is intra-oceanic in the
west and continental in the east (Nokleberg et al., 2000).

2.54. Summary

In summary, we adopt the generally accepted tectonic scenario of
Slide Mountain Ocean opening from the Early Carboniferous (360 Ma)
with slab roll back of an E-NE dipping subduction zone. With the max-
imum size of the Slide Mountain Ocean reached in the Permian, opening
in the Slide Mountain was followed by a subduction polarity reversal
and subduction jump to along the east margin of the Yukon-Tanana
Terrane (Fig. 9). We primarily follow reconstructions with a timing of
onset of west-dipping Slide Mountain subduction around 260 Ma
until accretion of the Yukon-Tanana Terrane as well as both Stikinia
and Quesnellia at 230 Ma (e.g. Nelson et al., 2006; Colpron et al.,
2007; Beranek and Mortenson, 2011). We infer that counterclockwise
rotation of the Stikinia arc relative to Quesnellia leading to the present-
day configuration also occurred during this Slide Mountain Ocean
closure. We note that such kinematics may have generated a complex
subduction configuration with both east-dipping and west-dipping
subduction zones and trench jumps. Following Colpron and Nelson
(2009), we suggest the Wrangellia Superterrane was largely stationary
at ~30°N between 300 Ma and 260 Ma until spreading in the Cache
Creek Ocean during Slide Mountain Ocean subduction i.e. 260-
230 Ma (Fig. 9). Perhaps the Cache Creek Ocean opened in a back-arc
fashion during the westward dipping subduction of the Slide Mountain
Ocean. Whether the relative southward and westward motion of the
Wrangellia Superterrane and opening of the Cache Creek Ocean was
contemporaneous with Slide Mountain Ocean opening or closure, or
both, is unclear. After Yukon-Tanana-Quesnellia-Stikinia accretion at
260 Ma we reconstruct a subduction jump to the west of NAM, leading
to renewed eastward dipping subduction of the Cache Creek Ocean. In
order to subduct the Cache Creek Ocean, this subduction zone
along NAM is required in tectonic reconstructions when the Farallon
is being subducted under the Wrangellia Superterrane i.e. during
NE-dipping subduction and trench advance along the Wrangellia
Superterrane (185-140 Ma in our preferred model). We accrete the
Wrangellia Superterrane to NAM at 140 Ma in its present-day rela-
tive location.

2.5.5. Cretaceous deformation

During the mid-Cretaceous, coastal terranes of Alaska and northern
NAM are generally described to have undergone dextral strike-slip
displacement (towards the northwest) along major faults including
the Denali, Kaltag and Kobuck faults and smaller companion faults
(e.g. Plafker and Berg, 1994 and references therein). The displacement
was largely attributed to oblique convergence between the Kula Plate
and NAM, but also due to the opening of the Central and North Atlantic.
Estimates of the magnitude and timing of migration are highly debated,
however, as noted by Colpron et al. (2007), while the latitudinal rota-
tions are to be reconciled, the internal post-accretionary configuration
of the terranes remains largely the same. In contrast to the older terrane
and fault models, Redfield et al. (2007) invoke a “North Pacific Rim oro-
genic system” to suggest that crustal extrusion is largely driven by
crustal flow rather than major strike-slip fault motion of rigid blocks.
Furthermore, they suggest that the escape tectonics of the Alaska and
northern NAM terranes also extend further west to the eastern margin
of Kamchatka, including the Bering Block (Fig. 2). An overview by
Ridgway and Flesche (2012) suggest that, among other data, a mantle
convection model and lithospheric stress is consistent with, and do
not preclude the hypothesis of Redfield et al. (2007). A summary of

the older terrane and fault model is provided in Plafker and Berg
(1994), where some examples of displacement estimates include;

(1) The Cassiar Terrane was displaced at least 450 km northward
by dextral movement along the Tintina-Northern Rocky
Mountain Trench Fault during the Late Cretaceous-Early Tertiary
(Gabrielse, 1985; Plafker and Berg, 1994)

The Ruby and Angayucham terranes underwent a clockwise ro-
tation of 135° relative to the continental margin in two phases
during the opening of the Amerasia Basin and later in the Late
Cretaceous-Early Tertiary (Plafker and Berg, 1994)

(3) A 16-30° northward displacement of the Chugach terrane
relative to the NAM craton occurred in the Late Cretaceous to
Middle Eocene (Plumley et al., 1983; Plafker and Berg, 1994).
Plafker and Berg (1994) suggested that the Yakutat terrane was
offset 180 km from the Chugach terranes in the late Paleocene
or early Eocene and that an additional 600 km of dextral-slip
northwestward displacement along the Queen Charlotte Fault
to its present position occurred after the Oligocene.

(5) A counter-clockwise bending of southwest Alaska of 45-60°
between 65 and 50 Ma has been documented from geologic
and palaeomagnetic evidence, possibly due to NAM-EUR con-
vergence (Plafker and Berg, 1994).

This may have been contemporaneous with a Late Cretaceous—
Early Tertiary 75° counter-clockwise rotation in the Farewell
and Ruby terrane region (Plafker and Berg, 1994).

Gabrielse et al. (2006) suggested translation on the order of
860 km since the Cretaceous for the “intermontane” terranes
(Colpron et al,, 2007) including 450-900 km of dextral slip of
the Yukon-Tanana Terrane (Gabrielse, 1985).
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The incorporation and testing of post-accretionary deformation
models of southern Alaska from at least the Late Cretaceous will be
the focus of future deformation models. In our rigid plate model the
terranes (Fig. 2) are kept in their relative locations and geometry as
at present-day and therefore sometimes appear crossing plate boundaries
(e.g. Figs. 4-6).

3. New plate model

To further converge on a robust history of the Mesozoic and Ceno-
zoic circum-Arctic, we present a self-consistent, time-dependent and
dynamically evolving plate tectonic model from the Early Jurassic
(200 Ma) to present-day. Our model is based on a new type of global
plate motion model (Seton et al., 2012; Gurnis et al., 2012) that in-
cludes topologically closed plate boundaries and is based on an exten-
sive synthesis of geological and geophysical observations. This new
generation of fully closed and time-dependent plate boundaries is a
prerequisite for future geodynamic modelling in which plate motions
and mantle convection can be coupled, providing an additional ave-
nue for testing alternative plate models by comparing the modelled
subduction history with tomographically imaged slab volumes in
the mantle (e.g. Matthews et al., 2012).

We have created a simplified set of tectonic features for the Arctic at
present-day, focusing on the AACM, the Kolyma-Omolon Superterrane,
Alaska and northern NAM (Fig. 2, Table 2). We divide the present-day
Arctic into major components that can be reconstructed back through
time to their pre-rift and collisional configuration. The delineation of
the features and terranes for this tectonic feature set was based on sev-
eral datasets including gravity anomalies and derivatives (DNSCOSGRA
Andersen et al., 2010; Circum-Arctic Mapping Project CAMP Gravity:
Gaina et al,, 2011), magnetics (CAMP Saltus et al., 2011; WDMAM),
and geological mapping including fault and sedimentary succession
mapping (Nokleberg et al., 1998b, 2000; Colpron et al., 2007;
Harrison et al., 2011; Grantz et al., 2011a). Our tectonic feature set
is in reasonable agreement with other tectonic maps based on geo-
logical surveys e.g. Zonenshain et al. (1990), Parfenov et al. (1993),
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Plafker and Berg (1994), Nokleberg et al. (2000) and Sokolov et al.
(2002).

We assign a Plate Identification Number (PID) to each of these
digitised terranes (Table 2), which are embedded into a global plate
model of relative plate motions. We base our reconstructions on the
global plate motion model by Seton et al. (2012), but with significant
changes to the circum-Arctic. The reconstructions for the opening of
the Eurasia Basin from Anomaly 24 (~53 Ma), and the coupled mo-
tion of the Lomonosov Ridge, are based on the isochrons and rotations
from Gaina et al. (2002). The rotations for the Siberian Craton are
fixed to Eurasia (based on Srivastava and Roest, 1989; Gaina et al.,
2002), which is a reasonable assumption for our reconstructions.
Based on the rotational history of these terranes we construct poly-
gons, in 1 Myr increments, which are composed of topological plate
boundaries, including mid-ocean ridges, transform boundaries and
subduction zones (Fig. 3). We use the open-source global plate recon-
struction software GPlates (http://www.gplates.org; Boyden et al.,
2011). The rotations, polygons and terranes of our preferred model can
be freely downloaded and loaded into GPlates (ftp.earthbyte.org/papers/
Shephard_etal_Arctic_plate_model). One aim of our model presented
here is to provide the geoscience community with a base plate tectonic
model for the circum-Arctic, which can be manipulated and refined
according to user requirements or alternative tectonic reconstructions.

For the period 200-142.5 Ma we present two alternative models:

Model 1. “Convergent margin” (our preferred model)

Continuous subduction zone along northern Panthalassa running
from Siberia (Koni-Taigonos and Uda-Murgal) to North America
(and connected to Talkeetna-Bonanza and Gravina arcs via a
mid-ocean ridge and transform boundary) (Figs. 4-8).

Model 2. “Embayment margin”

Koni-Taigonos and Uda-Murgal arc and subduction systems along
Siberia are separate to subduction along the NAM margin, inclusion
of Alazeya trench advance and Kolyma-Omolon Superterrane
back-arc closure, continuous seafloor spreading linked to the
Farallon-Izanagi-Cache Creek systems and early SAO subduction
along Alazeya, pre-Oloy and pre-Koyukuk arcs (Fig. 10).

We have selected an absolute reference frame based on a hybrid
hotspot and true polar wander-corrected (TPW) paleomagnetic reference
frame which uses moving Indo-African hotspots between 100 Ma and
present-day (O'Neill et al, 2005) and a true polar wander-corrected
palaeomagnetic frame for earlier times (Steinberger and Torsvik, 2008).
The choice of an absolute reference frame, which describes the motion
of plates relative to a fixed point or “frame,” holds particular implications
for palaeo-plate velocities, the location of palaeo-plate boundaries and
predicted mantle structure, especially at higher latitudes (Shephard et
al,, 2012). Absolute reference frames may be based on hotspot tracks,
with hotspots either assumed as fixed (e.g. Morgan, 1984; Miiller et al.,
1993) or moving (e.g. Steinberger, 2000a; Dubrovine et al., 2012), as
well as palaeomagnetic data, with or without corrections of true-polar
wander (e.g. Torsvik et al., 2008; Steinberger and Torsvik, 2010). Fig. 11
shows a comparison between four absolute reference frames; our
base hybrid moving hotspot and TPW model (TPW), a palaeomagnetic
model (PMG) (Torsvik et al.,, 2008), a new moving hotspot model which
only goes back as far as 124 Ma (DBV) (Dubrovine et al,, 2012) and a sub-
duction reference frame (SUB) (Van der Meer et al., 2010), which is sim-
ilar to the TPW model but with a longitudinal correction applied. Focusing
on the northern hemisphere, differences in palaeo-plate boundary loca-
tions are greatest further back in time. When comparing the SUB with
the TPW at 200 Ma, we find up to ~800 km longitudinal difference be-
tween the two models in the polar latitudes, with the offset increasing to-
wards the equator. Comparing the TPW and PMG models shows up to
~1000 km difference in longitude and 2000 km in latitude with maxi-
mum offset along the western NAM margin. At 150 Ma the TPW and

PMG models are largely similar with up to 300 km offset predicted in
the polar latitudes. After 100 Ma the TPW and PMG models are the
same, with up to ~1500 km difference in longitude between them and
the SUB reference frame. A comparison between the DBV model and
the TPW/PMG model at 100 Ma shows the DBV plate boundaries located
further north and east in the polar latitudes by around 500 km and by the
same amount to the south and west by 50 Ma.

This uncertainty in absolute reference frames holds implications
in our interpretations of seismic tomography because structures ob-
served in the mantle could be attributed to different subduction
zones on the surface. Furthermore, the correlation of mantle hetero-
geneity and plate boundaries is also complicated by the potential lat-
eral displacement of subducted slabs, sinking rates and stalling slabs
in the transition zone. We attempt to avoid this uncertainty by also
considering the relative positioning of slab bodies rather than their
absolute locations.

4. Mantle structure from seismic tomography

While most models of seismic tomography, both P and S wave, are
not as robust under the circum-Arctic as other regions of the globe,
they image key mantle features that can be linked to our plate kine-
matic model. Here, assuming vertical slab sinking, we compare the
modelled mantle structure of five S-wave tomography models
(Grand, 2002; Montelli et al., 2006; Simmons et al., 2007; Gypsum S
Simmons et al., 2010; S40RTS Ritsema et al., 2010) and one P-wave
model (MITP 08 Li et al., 2008) to our predicted palaeo-subduction
zones. Primarily due to source and receiver limitations for high lati-
tudes, we find that S-wave tomography models are generally better
resolved than P-wave tomography models under the circum-Arctic.
Fig. 12 shows the locations of our selected vertical cross-sections
which were chosen to sample the sites of subduction zones as pre-
dicted in our plate model between 200 Ma and present-day. Esti-
mates of average slab sinking rates in the mantle generally range
between 1 and 2 cm/yr based on seismic tomography and mantle
convection modelling (e.g. Lithgow-Bertelloni and Richards, 1998;
van der Voo et al,, 1999; Hafkenscheid et al.,, 2006; Schellart et al.,
2009). For example, using a global average sinking rate of 1.5 cm/yr
a slab subducted at 80 Ma would be expected around 1200 km
depth, 100 Ma at 1500 km, 140 Ma at 2100 km and 200 Ma at the
CMB. However, this rate is dependent on modelling considerations
including mantle viscosity (e.g. Hafkenscheid et al., 2006; Goes et
al., 2008) and slab stagnation (e.g. Fukao et al., 2009; Sigloch, 2011),
lateral slab motion (Bunge et al., 1997; Steinberger, 2000b) and the
history of subduction (Steinberger, 2000b).

4.1. Circum-Arctic

A vertical section (Fig. 13. Latitude 65°N, longitude 140°E-150°W)
through the subduction zone along western Panthalassa shows a
major longitudinally-extensive anomalously fast structure (a) between
1500 and 2500 km depth in all models. This could be interpreted to
be Jurassic slabs of Panthalassa (Izanagi Plate) subducted along a
predominantly westward-migrating subduction zone (Figs. 3, 12). A
second smaller anomalously fast region (b) is shown lying in the transi-
tion zone (440-660 km depth) under ~160-170°E longitude which is
likely resultant from later subduction (Izanagi and Pacific plates) into
a more stable, or south-southeastern migrating subduction zone
(Figs. 3, 12). This transition zone anomaly corresponds to an inferred
stagnated Pacific slab behind the Aleutian arc also noted in a higher res-
olution tomography model by Zhao et al. (2010). Comparing absolute
reference frames through this latitude, between 200 and 150 Ma the
plate boundaries of the SUB, TPW and PMG are located from west to
east respectively, with the PMG being significantly offset at 200 Ma.
We argue that the bulk of the slab (a) through this latitude is located be-
tween 175°E to 150°W which best suits the TPW or SUB reference frame
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Hybrid TPW (base model)
Hybrid PMG

Subduction

Moving hotspots

Fig. 11. Comparison of palaeo-plate boundaries, red, for our plate model, based on a hybrid moving hotspot and TPW corrected frame (O'Neill et al., 2005; Steinberger and Torsvik,
2008), and three alternative absolute reference frames at 200 Ma, 150 Ma, 100 Ma and 50 Ma. Green, a palaeomagnetic model of Torsvik et al. (2008); blue, a subduction reference
frame of Van der Meer et al. (2010) and purple, for moving hotspot model of Dubrovine et al. (2012) (only back to 124 Ma). Present-day coastlines included in light grey for
reference.

but is too far west to fit the PMG frame at 200 Ma. The significant north- Three latitudinal profiles (60-90°N) were chosen to image
westward motion of this PMG boundary (over 2500 km) between 200 the western (Fig. 14. Longitude 180°E), central (Fig. 15. Longitude
and 150 Ma is arguably very fast. 140°W) and eastern (Fig. 16. Longitude 100°W) segments of the

SZ (Ma)

Fig. 12. Location of vertical profiles through seismic tomography models (Figs. 13-21), black with circles, superimposed on subduction zone locations as predicted by our preferred
plate model, colour coded, between 200 and 0 Ma, see inset, and projected onto present-day topography (ETOPO2) for reference.
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northern Panthalassa margin including the Koni-Taigonos and Uda-
Murgal arcs (Figs. 4-6). All three profiles through the tomography
models show significant anomalously fast material throughout the
mantle, in particular between 1000 and 2500 km depth (c) and
along the CMB (d). Both of these slab features are likely the same
longitudinally-extensive slabs across the same three profiles. We
interpret the (c) anomalies to be linked to the subduction along the
Mesozoic northern Panthalassa margin (Farallon, Cache Creek Ocean
and Izanagi) and may be the same as imaged in Fig. 13 (slab a). Our
interpreted slab (c) at least in the central profile (Fig. 15) broadly
matches the >1500 km deep “Beaufort” slab interpreted by Van der
Meer et al. (2010) to be related to the early-mid Mesozoic Alazeya
arc and subduction from approximately 214-154 Ma. However, Van
der Meer et al. (2010) also interpreted an adjacent but shallower
(~1000-1500 km) “Chukchi slab” under the Eastern Siberian Shelf
to be related to Late Jurassic (154-110 Ma) Koyukuk arc subduction.
Based on our plate model we suggest that their “Chukchi” slab is too
far west to be subducted at the Koyukuk arc but instead is related to
Panthalassa subduction. This “Chukchi” slab also broadly matches
slab (c) from the western profile (Fig. 14) and based on our correla-
tion of slab (c) between Figs. 14 and 16, the Beaufort and Chukchi
slabs might in fact be the same i.e. Panthalassa-related subduction.
However, because the “Chukchi” is shallower than the “Beaufort”
slab, it might represent a younger phase of subduction of the
Farallon/Cache Creek Ocean/Izanagi plates. Some of the deepest
slabs in the western profile (slab d, Fig. 14) may include some of
the subducted Monghol-Okhotsk Ocean. Furthermore, in the eastern
profile (Fig. 16) it could be argued that a second semi-detached slab
(e) (compared to the dominant anomaly, c, further south) can be im-
aged between 1000 and 1500 km depth under 75-85°N. This feature
might be related to subduction of the Oimyakon Ocean or SAO due to
its northerly location relative to our predictions of palaeo-plate
boundaries. At these longitudes, from 150 to 50 Ma, the latitudinal
discrepancy between the four absolute reference frames is minimal
(less than 5°). However, it should be noted that the deepest slab ma-
terial (d) does continue as far south as 60°N which may arguably be
better explained by the more southerly PMG plate boundary between
at least 200 and 150 Ma.

The mantle structure, as modelled by seismic tomography, along
65°N displays significant heterogeneity (Fig. 17). We suggest that
the major fast anomaly between 1000 and 2000 km (f) in the west
of the profile (120°W to 80°W longitude) corresponds to Farallon
and Cache Creek Ocean subduction along the Uda-Murgal arc and
northernmost NAM margins, as also interpreted from Fig. 16 (slab
c). It may, however, correspond to the northern edge of the younger,
well-defined, Farallon slab (see Section 4.2). Further east under 70°W
to 40°W longitude is another, smaller but arguably separate and fast
anomaly (g) lying horizontally around 1500 km depth. Due to its
more easterly location we suggest that this slab might correspond
to subducted Cache Creek Ocean or even SAO subduction along the
Koyukuk arc. If this slab (maximum depth of slab, 1500 km) is associ-
ated with subduction around 150-130 Ma, as suggested by our plate
model, the average sinking rate implied is ~1-1.2 cm/yr. This rate is sim-
ilar to the sinking rate implied in Van der Meer et al. (2010) (1 cm/yr)
who used a similar methodology. Conversely, if an upper-value average
sinking rate of 2 cm/yr is implied, the age of this slab would be around
75 Ma. This slab is over 1000 km east from the nearest subduction
zone at that time based on our plate model and regardless of the absolute
reference frame (Fig. 11). A comparison between absolute reference
frames along this latitude is relatively similar for times younger than
100 Ma, however, for 200-150 Ma the offset of subduction zones is
quite large and is difficult to robustly analyse.

Figs. 18 and 19 were selected to best image slabs associated with
the subduction of the SAO along the Oloy and Koyukuk-Nutesyn
arc and subduction zones. The longitudinal profile (50°W Fig. 18)
shows an upper and mid-mantle anomaly (h) between 440 and

1800 km and might match the eastern mid-mantle slab imaged in
Fig. 17 (slab g). This slab (h) might be a remnant of the South Anuyi
Ocean as subducted along the Koyukuk-Nutesyn subduction zones
or even the Cache Creek Ocean or Farallon plates along the Uda-
Murgal subduction zone. The proximity of this slab to both subduc-
tion zones makes it difficult to assign to either subduction system,
however, the slab feature does extend further to 40°W and 30°W in
most seismic tomography models suggesting that it might be more
related to South Anuyi Ocean subduction (see slab k, below). Further-
more, a second phase of slab subduction might be inferred from the
transition zone smearing in the Gypsum S, S40RTS and Simmons S
models. In nearly all tomography models, there is a fast anomaly (i)
lying along the lowermost mantle under 80-90°N. This slab is likely
the same as the high latitude slab imaged in Figs. 14-16 (slab d). Fur-
thermore, its continuation across the pole (e.g. identified at both
180°W and 50°W longitude) lends to the interpretation that this
slab is further north than the circum-Panthalassa subduction zones
and could therefore be related to subduction of the Oimyakon
Ocean Basin, or the SAO along the Oloy arc. Alternatively, this slab
may also be related to older Mongol-Okhotsk subduction. A compar-
ison of absolute reference frames under the north geographic pole
(Fig. 10) illustrates that the subduction zones predicted in this area
are largely similar between the different absolute reference frames.

A complicated mantle structure is represented in Fig. 19; there is a
major anomaly (j) between 1000 and 1500 km primarily in the
north-northwest of the profile between 120°W and 80°W longitude.
This slab likely matches the northern anomaly imaged in Fig. 16 (slab
e, eastern Uda-Murgal), which was tentatively interpreted as either
SAO slab subducted along the Oloy subduction zone, or Panthalassa
slab. Furthermore this slab feature may be distinct from slab material
(k) located primarily between 440 and 1100 km in the east of the
profile between 60°W and 30°W longitude. This slab (k) may also
represent SAO material subducted along the Koyukuk-Nutesyn arc
(as also imaged as (h) in Fig. 18 and possibly an extension of (g) in
Fig. 17). Based on our preferred plate model, we argue that the slab's
far northern and eastern location precludes it being Panthalassa slab
material and therefore is evidence for SAO subduction under the
AACM. Its relatively shallow depths, however, suggest a more recent
subduction history. For example, taking a maximum slab depth of
1100 km and age range of 150-130 Ma the implied average sinking
rate is ~0.73-0.85 cm/yr. Conversely, a rate of 1 cm/yr implies an
age of 110 Ma and a rate of 2 cm/yr implies an age of 55 Ma. At
110 Ma the closest subduction zones of that age based on our base
plate model are over 1000 km away and at 55 Ma are over 3000 km
to the west. Importantly, a comparison of absolute reference frames
in the high Arctic at 200 and 150 Ma (region of Figs. 18 and 19)
shows that our base TPW model consistently predicts a subduction
zone the furthest east and north compared to PMG or SUB. Therefore,
because slab (k) is imaged as far east as 30°W it cannot be sufficiently
accounted for, based on the absolute references frames compared
here, by a subduction zone later than the Late Jurassic. Despite imply-
ing a relatively slow sinking rate, we suggest that the location of this
slab under Greenland is best explained by SAO subduction associated
with the opening of the Amerasia Basin. There is also slab material
along the CMB (1) which might be related to older SAO, Monghol-
Okhotsk or Panthalassa subduction (correlates with slab e of
Fig. 18). However, in the S40RTS and Montelli S tomography models
this lower mantle/CMB material also extends further east than our
modelled Panthalassa boundaries and may be linked to SAO
subduction.

4.2. North America
Numerous studies based on high-resolution seismic tomography

models under western North America have recently been published,
and to a large degree they consistently image the major features of
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Fig. 13. Vertical cross-section (1) along reconstructed western Panthalassa and East Monghol-Okhotsk boundaries through five S-wave and one P-wave seismic tomography
models. Latitude: 65°N, longitude 140°E-150°W, shown as black line with circles on stereographic maps, see inset for legend. Long dashed line through the vertical
cross-sections corresponds to intersection with Fig. 14. Interpreted slab feature (a) likely represents post-Jurassic subducted Izanagi slabs and (b) interpreted to represent younger

Izanagi and Pacific slabs stalled in the transition zone.

the regional mantle structure including a fragmented system of slabs
(Becker, 2011; Pavlis et al., 2012; Sigloch, 2011). However, the timing,
mechanism and tectonic implications of the fragmented lower mantle
slabs under NAM are still debated. Here, we provide a brief overview
of key features in the context of linking the circum-Arctic to the

eastern Panthalassa systems during the Jurassic, noting the listed ref-
erences for further discussion.

It is generally assumed that prior to 80 Ma and the Laramide Orog-
eny, the Farallon Plate was subducting and arc magmatism occurred
along the entire margin of western North America (Dickinson,
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Fig. 14. Vertical cross-section (2) along reconstructed northern Panthalassa and western Uda-Murgal arc boundaries through five S-wave and one P-wave seismic tomography models.
Latitude: 60-90°N, longitude 180°E, shown as black line with circles on stereographic maps, see inset for legend. Long dashed line through the vertical cross-sections corresponds to
intersection with Fig. 13. Slab features (c) and (d) interpreted as subducted Jurassic Farallon, Izanagi and Cache Creek Ocean slabs, with (d) possibly subducted Mongol-Okhotsk subduction.
Slab (c) likely matches slab (a) in Fig. 13. The apparent thickness of some seismic tomography anomalies e.g. our interpreted slab (c), might be related to the resolution of the tomography
model, slab advection and thermal dissipation, folded slabs or the convergence of slabs from multiple/adjacent subduction zones.

2004). The robustly imaged “Farallon” slab located under eastern
NAM throughout the lower mantle is widely thought to represent
this eastward-subducted Farallon lithosphere. However, timings of
the deepest parts of this slab are debated, ranging from the Early
Jurassic through to the Cretaceous (~194-60 Ma) (Van der Meer et
al., 2010), 120-85 Ma or older (Ren et al, 2007) younger than
100 Ma (Grand et al., 1997), younger than 150 Ma (Sigloch et al.,
2008). Alternatively, this slab may instead correspond to subduction

along a long-lived stable intra-oceanic subduction zone, with the
base of the slab being significantly older than 140 Ma (Sigloch and
Mihalynuk, 2013). Furthermore, the kink in the slab around 50°N
has previously been attributed to flat slab subduction and/or a break
in the Kula Plate (Bunge and Grand, 2000; Ren et al., 2007) occurring
at least before 80 Ma (Sigloch, 2011) or a separate but along-strike
system of stable intra-oceanic subduction (Sigloch and Mihalynuk,
2013). A comparison of absolute reference frames (Fig. 11) shows
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Fig. 15. Vertical cross-section (3) along reconstructed northern Panthalassa and central Uda-Murgal arc boundaries through five S-wave and one P-wave seismic tomography models.
Latitude: 60-90°N, longitude 140°W, shown as black line with circles on stereographic maps, see inset for legend. Slabs (c) and (d) interpreted as subducted Jurassic Farallon, Izanagi
and Cache Creek Ocean slabs, (c) likely matches slab (a) in Fig. 13. The massive fast anomalies in the upper mantle (see also Figs. 16-18) are likely a function of the resolving power
of the tomographic models, source-receiver limitations and disparity in sampling of some mantle regions by direct waves, the uncertain effects of the crust on surface-wave dispersion,
location of slices adjacent to shields and that some transition zone anomalies might be extended into shallower mantle depths (e.g. Grand, 2002).

that the bulk of the Farallon slab (m) (90-60°W) is best explained by
the location of the western Laurentian margin of the PMG, TPW and
DBV models between 150 and 100 Ma. Due to the longitudinal cor-
rection of the SUB model, the SUB subduction zone along NAM coin-
cides with this slab for earlier times (200-150 Ma), however, this
longitudinal shift does not fit their interpretation of slabs related to
the Wrangellia Superterrane (see below).

Figs. 20 and 21 capture the mantle structure under the northeast-
ern margin of Panthalassa (50°N and 30°N latitude) associated with
subduction between at least 200 Ma and present-day. Here we dis-
cuss four main slab features. Based on our plate model, the main
fast anomaly (m) in the centre of Fig. 20 between 1000 and at least
2000 km depth is interpreted to be the Farallon slab, as in most pre-
vious studies. Using the imposed absolute reference frame we note
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Fig. 16. Vertical cross-section (4) along reconstructed northern Panthalassa and eastern Uda-Murgal arc boundaries through five S-wave and one P-wave seismic tomography
models. Latitude: 60-90°N, longitude 100°W, shown as black line with circles on stereographic maps, see inset for legend. Long dashed lines through the vertical cross-sections
correspond to intersection with Figs. 17 and 19. Slab features (c) and (d) interpreted as subducted Jurassic Farallon, Izanagi and Cache Creek Ocean slabs, (c) likely matches slab

(a) in Fig. 13. Northerly slab (e) possibly related to subduction of the Oimyakon or SAO.

that the majority of this slab is located further west of the 110 Ma
western NAM plate margin, suggesting that it is likely related to
younger subduction.

Further west, under 130-120°W longitude, a slab anomaly (n)
at similar depths to the Farallon slab may be distinguished. It corre-
sponds to the “Idaho” slab of Van der Meer et al. (2010, 2012) who
suggested that it represents eastward-dipping Farallon/Panthalassa
lithosphere from mid-late Mesozoic (~186-92 Ma) along an intra-

oceanic arc, possibly the northern part of the Wrangellia arc. The
“Idaho” slab has been interpreted by these authors to be located at the
same depths as another slab, “Socorro,” located further south under
Central America. Van der Meer et al. (2010) suggest that this mid-
mantle “Socorro” slab is also related to an eastward-dipping intra-
oceanic subduction zone of the Jurassic—Cretaceous (~186-92 Ma),
possibly a southern component of the Wrangellia Superterrane. How-
ever, based on our plate model, Fig. 11 shows that between 200 and
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Fig. 17. Vertical cross-section (6) along reconstructed northern Panthalassa and Uda-Murgal arc boundaries through five S-wave and one P-wave seismic tomography models.
Latitude: 65°N, longitude 120-30°W, shown as black line with circles on stereographic maps, see inset for legend. Long dashed lines through the vertical cross-sections correspond
to intersection with Figs. 16 and 18. Interpreted slab (f) as Farallon and Cache Creek Ocean subduction along the Koni-Taigonos and Uda-Murgal subduction zones, may correspond
to slab (c) in Fig. 14. Slab (g) interpreted as Cache Creek Ocean or SAO slabs subducted along the Oloy subduction zone, see slab (h) Fig. 18.

150 Ma the Wrangellia Superterrane predicted by the SUB frame is clos-
er to a maximum western reach of 100°W (100°-70°W) which is incon-
sistent with their interpretation. Van der Meer et al. (2012) imply that
the Wrangellia Superterrane was still intraoceanic at 130 Ma, located
3000 km offshore of NAM, which is not supported by geological evi-
dence. Even if a later Wrangellia Superterrane accretion time is imposed

(e.g. 80 or 100 Ma), the NAM boundary for the SUB reference frame is
still too far east (100°W) to be attributed to this slab. In contrast to
this interpretation, we argue that our modelled age of Wrangellia
Superterrane arc activity (at least 200-140 Ma) and location of the
Superterrane means that subducted slabs from this subduction zone
are expected to be closer to 60°W longitude (or 90°W at most) rather
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Fig. 18. Vertical cross-section (7) along reconstructed Oloy arc boundaries through five S-wave and one P-wave seismic tomography models. Latitude: 60-90°N, longitude 50°W,
shown as black line with circles on stereographic maps, see inset for legend. Long dashed lines through the vertical cross-sections correspond to intersection with Figs. 17 and 19.
Slab feature (h) interpreted as SAO slab subducted along Oloy or Koyukuk subduction zones, possibly matching slab (g) from Fig. 17. Northern and eastern location of slab (i) suggests link

to Oimyakon Ocean or SAO subduction.

than the 130-120°W of the “Idaho slab.” We therefore prefer the inter-

pretation that the western mid-mantle “Idaho” slab (n) is interpreted as

either Cenozoic Farallon slab (Sigloch et al., 2008, “S2") or Cretaceous
Kula or Izanagi slab (Ren et al, 2007). As an alternative, Sigloch
(2011) noted that this slab (“Cascadia Root”) is connected to the
present-day Cascadia trench and attribute it to an intra-oceanic Siletzia
subduction system, which accreted to NAM around 50 Ma.

We have identified anomalous material lying along the CMB (0) in
nearly all tomographic models, located under the main Farallon slab
(m). Based on its longitudinally variable extent depending on tomog-
raphy model, we cautiously suggest that it may match subducted
Cache Creek Ocean and/or Farallon lithosphere along the Talkeetna-
Bonanza and Gravina arcs, or possibly older remnant Slide Mountain
Ocean slab from earlier Stikinia-Quesnellia subduction (Figs. 3-6,
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Fig. 19. Vertical cross-section (8) along reconstructed Oloy and Koyukuk-Nutesyn arc boundaries through five S-wave and one P-wave seismic tomography models. Azimuthal
120°W, 85°N azimuth 98 distance 120°, shown as black line with circles on stereographic maps, see inset for legend. Long dashed lines through the vertical cross-sections corresponds
to intersection with Figs. 16 and 18. Slab (j) interpreted as Panthalassa or SAO slabs, see slab (e) of Fig. 16. Slab (k) interpreted as SAO subducted along the Koyukuk arcs (as in Figs. 17 and

18). Slab (1) likely older SAO or Panthalassa subduction.

9). Moving further east of the dominant Farallon slab, additional slab
material can be identified in the mid and lower mantle under ~55-
30°W (p). A profile through 30°N (Fig. 21) also shows this eastern
slab material under the western Atlantic and seems to extend from
various depths throughout the lower mantle depending on tomogra-
phy model. These (p) slabs are arguably deeper in the 30°N section

than the 50°N section, suggesting oldest subduction to the south
and would complement a north-northeasterly migrating subduction
zone. Based on our preferred model, the longitude of this (p) slab sug-
gests that it is related to subduction of the Cache Creek Ocean along
western Laurentia or parts of the Cache Creek Ocean or Farallon
Plate along the Wrangellia Superterrane, or a component of both.
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However, contrary to what might be expected, an orthogonal transect
through the modelled northeastward migrating Wrangellia Superterrane
does not yield a robust slab, illustrating the complexity and uncertainty in
the reconstructions of this terrane. The maximum depth of the (p) anom-
aly at 30°N is the CMB which matches an ~1.5 cm/yr average sinking rate
of aslab subducted at 190 Ma. At 50°N the maximum depth of (p) is high-
ly dependent on the tomography model used and may be particularly
poorly resolved. However, for the Gypsum S model, the maximum
depth is ~2000 km and for a slab subducted between 170 and 140 Ma a
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sinking rate of 1.2-1.4 cm/yr is estimated. We argue that these rates are
reasonable and fit with our suggested Wrangellia Superterrane history.
A comparison of the TPW and PMG absolute reference frames at
200 Ma along the NAM/Wrangellia Superterrane boundaries indicates
a large southern and western offset of the PMG model (~1000 km lon-
gitude and ~2000 km latitude) until 150 Ma; after that time the models
are similar. As also mentioned for the northwest Panthalassan margin
(Fig. 13), this offset of the PMG model between 200 and 150 Ma points
to an arguably fast net northeastward motion of the NAM margin based
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Fig. 20. Vertical cross-section (9) along reconstructed eastern Panthalassa and Wrangellia arc boundaries through five S-wave and one P-wave seismic tomography models.

Latitude: 50°N, longitude 160-30°W, shown as black line with circles on stereographic maps, see inset for legend. Interpreted slab features (m

) as Farallon slab and (n) as either

Cretaceous Kula or Farallon slab or Cenozoic Farallon slab. Slab (o) along the CMB is interpreted as Cache Creek Ocean subducted along Wrangellia Superterrane or possibly older
slabs and (p) alternatively, as slabs subducted along a northward migrating Wrangellia Superterrane or along a coeval subduction zone along Laurasia.
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Fig. 21. Vertical cross-section (10) along reconstructed eastern Panthalassa and Wrangellia arc boundaries through five S-wave and one P-wave seismic tomography models.
Latitude: 30°N, longitude 160-30°W, shown as black line with circles on stereographic maps, see inset for legend. Interpreted slab features as in Fig. 12, but note that slab (p) is

imaged at deeper depths at this latitude compared to 50°N.

on the PMG model. We argue that this PMG-TPW discrepancy cannot
be discerned through our tomography analysis, however, we suggest
that the eastern location of the anomaly (p) is best explained by the
TPW model. Interestingly, the southern portion of the Farallon slab
(south of the 50°N kink) corresponds approximately with the predic-
tions of the Wrangellia Superterrane during 200-150 Ma based on the
PMG reference frame (or SUB frame but note the self-inconsistencies
mentioned above). However, the broad eastward-dip and volume of

the slab is better explained by the more conventional interpretation of
post-100 Ma Farallon slab.

The “Trans-Americas” slab of Van der Meer et al. (2010) located
further south and offshore of Central America was interpreted to rep-
resent westward-dipping and eastward-migrating early Mesozoic
(~219-178 Ma) intra-oceanic subduction, possibly from along the
Stikinia—Quesnellia arc or along the western margin of Laurentia.
Similarly, their “Wichita” slab located in the lower mantle under
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central-eastern NAM was also interpreted to be intraoceanic subduc-
tion (~219-178 Ma) possibly along the Stikinia-Quesnellia arc. How-
ever, we suggest the youngest Stikinia-Quesnellia (Slide Mountain
Ocean) slab to be/have been located not significantly further west
than the later Wrangellia subduction (see Section 2.5). Furthermore,
in our model the Stikinia-Quesnellia arc accreted at 230 Ma and is
unlikely to be robustly imaged in seismic tomography. We note that
this interpretation is based on our early accretion of the Yukon-Tan-
ana-Quesnellia-Stikinia terranes, however, it is possible that if the
Stikinia arc accreted later (e.g. 172 Ma as in Seton et al., 2012) this
subduction zone may account for slabs (o), or possibly (p). However,
this interpretation would question our reconstruction of the Cache
Creek Ocean as being located between the Wrangellia Superterrane
and Yukon-Tanana-Quesnellia-Stikinia terranes (see Section 2.5).
Nevertheless, we therefore expect that slabs in the central and western
Atlantic Ocean correlate to such Mesozoic intra-oceanic subduction
zones whereas the slabs further west most likely point to younger sub-
duction or possibly missing Cenozoic intraoceanic subduction.

5. Conclusions

We have created a refined tectonic model of the circum-Arctic
since the beginning of the Jurassic, and importantly, generated
time-dependent and topologically closed plate boundaries. Our plate
tectonic model incorporates an extensive synthesis of published geo-
logical and geophysical data as well as an analysis of global seismic
tomography and a comparison of absolute reference frames.

Our comparison of seismic tomography has shown that seismical-
ly fast anomalies underlying the present-day circum-Arctic and NAM
can be linked to post-Jurassic subduction zones of our plate model.
Our interpretation differs for much of the circum-Arctic and NAM as
compared to other recent tomography studies (Van der Meer et al.,
2010, 2012). Independent of the absolute reference frame imposed,
we are arguably able to discriminate between slabs related to
Panthalassa and those related to a more northerly and easterly sub-
duction system(s). In particular, we suggest that tomography anoma-
lies under present-day Greenland and the Canadian Arctic Islands
may be explained by the Jurassic destruction of the SAO. We note
that the current resolution of seismic tomography precludes a more
detailed analysis of subduction kinematics including polarity reversals,
slab stagnation and the existence of smaller or short-lived subduction
zones (e.g. Oimyakon Ocean under the Uyandina-Yasachnaya subduc-
tion zone or Kobuk Sea under the Koyukuk subduction zone), and limits
a tighter constraint on the timing of onset and cessation of subduction.

Here, for the first-time, we present a model for a defined Cache
Creek Ocean Plate, located between the Wrangellia Superterrane
and the Yukon-Tanana-Quesnellia-Stikinia terranes, the latter of
which accreted to the western NAM margin around 230 Ma. Assum-
ing a north (30°N) to south (10-20°N) migration of the Wrangellia
Superterrane between the Permian and Mid Triassic, we suggest
that the Cache Creek Ocean opened during Slide Mountain Ocean clo-
sure (260-230 Ma). Furthermore, we reconstruct a subduction polar-
ity reversal along the Wrangellia Superterrane, with an early phase of
slab roll back, followed by trench advance as the Superterrane
approached the North American margin. This north-northeastward
migration of the Wrangellia Superterrane is arguably supported by a
northerly-shallowing slab in the western Atlantic as interpreted from
global seismic tomography. We also suggest that a mid-Palaeozoic
triple-junction can explain the broadly contemporaneous opening of
the Slide Mountain Ocean, Oimyakon Basin and South Anuyi Ocean.

For the Amerasia Basin, we present a new multi-stage three-plate
model accounting for recently published geophysical data while build-
ing upon the large body of published geological observations. We sup-
port the reconstruction of a “windshield” wiper model for the Canada
Basin with seafloor spreading between 142.5 and 126 Ma (Alvey et al.,
2008). New aeromagnetic data supporting an orthogonal rifting and

opening to the Lomonosov Ridge is incorporated for the more northerly
regions (Dgssing et al., 2013). Based on rates of seafloor spreading of
2.2-7.7 cm/yr (Dgssing et al., 2013), we suggest that seafloor spreading
occurred in the Makarov and Podvodnikov basins for at least 20 Myr,
from 142.5 to 120 Ma. We initiate basin-wide rifting from 195 Ma
(Grantz et al,, 2011b), noting that this onset may be younger, however,
earlier timings for the onset of seafloor spreading exist and may ex-
plain apparently conflicting sediment and palaeogeography studies
(e.g. Miller et al., 2006, 2008). We emphasise that the AACM cannot
be rotated as a single, rigid fragment as also suggested by others
(e.g. Funck et al,, 2011; Miller et al., 2006). Our timing of opening
within the Amerasia Basin, including either rifting or seafloor
spreading, or both, is slightly earlier than other rotational models
(e.g. Lawver et al,, 2002; Alvey et al., 2008; Grantz et al., 2011b),
and may better reconcile the Siberian affinities and pre-Tithonian
SAO subduction timings for the AACM as presented in Miller et al.
(2006, 2008). While we present a plate model with rifting orthogo-
nal to the Lomonosov Ridge, we suggest that a component of
younger strike slip along the SAZ and extension parallel to the
Lomonosov Ridge, perhaps related to younger HALIP activity and
emplacement of the Alpha-Mendeleev Ridge or the opening of the
Atlantic, is not precluded. The initial collision between the AACM
and NE Siberia may have been orthogonal with a final stage of
oblique slip accompanied by transpression and strike-slip faults
along the South Anuyi Suture, as suggested by Sokolov et al.
(2002). This may account for the western continuation of the South
Anuyi Suture being poorly defined. Further work to account for
seemingly contrasting regional observations for the opening of the
Amerasia Basin may be achieved through plate deformation models
that build upon our regional rigid plate model.

We acknowledge that there are many aspects to our Jurassic
reconstructions that remain to be further constrained, and suggest
that some of the most important considerations for future plate
tectonic reconstructions include:

(1) Discerning the longevity of subduction and seafloor spreading
on both the northern and/or southern margins of the SAO.

(2) Whether subduction along the Siberian (Kedon and Uda-Murgal
arcs) and NAM (Western Laurentian) subduction zones were
linked for all or part of time since the Triassic. Therefore, address-
ing if the SAO was located behind a continuous subduction zone
or if there was an “embayment” style geometry.

(3) Constraining the timing and mechanism of Cache Creek Ocean
opening and closure — whether our interpretation of its location
between Wrangellia and the Yukon-Tanana-Laurentian margin
is correct.

(4) Kinematically constraining reconstructions of the Yukon-Tanana,
Quesnellia and Stikinia terranes and the Wrangellia Superterrane
since at least the Permian until their accretion.

(5) Developing more regional-specific deformation models account-
ing for conflicting regional observations e.g. the Laptev Sea,
Amerasia Basin, western Siberia.

(6) Constraining timing and rates of rifting and seafloor spreading
within the Amerasia Basin, the nature of the underlying crust
and timing of the Alpha-Mendeleev Ridge as well as accounting
for the deformation of the tectonic blocks involved.

Plate outlines, rotations and static terrane polygons for our preferred
model are available at ftp.earthbyte.org/papers/Shephard_etal_Arctic_
plate_model.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.earscirev.2013.05.012.
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