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Tuesday 17 October Earth History, Paleomagnetism and Paleogeography
9:00 Welcome: Carmen Gaina
Session 1.1. Chair: Evgeniy Kulakov
09:10 – 09:40 Keynote· Rob van der Voo: Carbonate remagnetizations: A blessing or a
curse?
09:50 – 10:10 Stephen Johnston: A Pangean Terrane Wreck?
10:10 – 10:25 Lew Ashwal: Crustal Evolution and the Temporality Of Anorthosites
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12:00 – 12:20 Morgan Jones: Constraining shifts in North Atlantic plate motions during the
Palaeocene by U-Pb dating of Svalbard tephra layers
12:20 – 12:50 Keynote· Lauri Pesonen: Nordic Paleomagnetic Workshops - the key role
by Trond Torsvik
12:50 – 14:00 Lunch ULL
Session 1.3. Chair: Grace Shephard
14:00 – 14:30 Keynote· Conall Mac Niocaill: Does the kiss of a LIP ever linger for
long?
14:40 – 15:00 Andy Biggin: Bridging the mantle: A comparison of geomagnetic polarity
reversal rate, global subduction flux, and true polar wander records
15:00 – 15:20 Elvira Mulyukova: Collapse of Passive Margins by Lithospheric Damage and
Plunging Grain Size
15:20 – 15:40 Jörg Ebbing: Antarctica- The last continent
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Wednesday 18 October Deep Earth and Mantle Dynamics
Session 2.1. Chair: Antoniette Grima
09:00 – 09:30 Keynote· Claudio Faccenna: Mantle dynamics in the Mediterranean
09:40 – 10:00 Dave Bercovici: Plate tectonics from grains to global scales: Grain-damage,
grain-mixing and tectonic hysteresis
10:00 – 10:20 Maria Tsekhmistrenko: Multifrequency tomography of P and S waves using
ocean bottom seismometers in the Indian Ocean
10:20 – 10:40 Bernhard Steinberger: How plume-ridge interaction shapes the distribution of
volcanics in the oceans
10:40 – 11:00 Stephanie Werner: What shapes a planet – Extra-terrestrial examples
11:00 – 11:30 coffee break
Session 2.2. Chair Valentina Magni
11:30 – 12:00 Keynote· Carolina Lithgow-Bertelloni: Dynamic Topography and
Surface Deformation
12:00 – 12:20 Clint Conrad: Tectonic Reconstructions of Dynamic Topography and Sea
Level
12:20 – 12:40 Fabio Crameri: Abrupt Upper-Plate Tilting During Slab–Transition-Zone
Collision
12:40 – 13:00 Wim Spakman: Absolute plate motion, slab dragging, and the recent
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Session 2.3. Chair: Kiran Chotalia
14:30 – 15:00 Keynote· Karin Sigloch: New views on slabs and plumes, and their links to
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15:40 – 16:00 Keynote· Trond H. Torsvik: Earth history from Wegener to ME
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Thursday 19 October Field trip
09:00 – 17:00 Mini buses from Hotel LAGUNA NIVARIA, Plaza del Adelantado, 11, 38201
San Cristóbal de La Laguna.
The excursion guide is part of the conference abstract booklet

Friday 20 October Young Scientist Forum & CEED Board meeting
Hotel LAGUNA NIVARIA
Plaza del Adelantado, 11, 38201 San Cristóbal de La Laguna, Santa Cruz de Tenerife
09:30 – 13:00 Room 1 Young scientist forum (CEED&guests Early Career Researchers)
09:30 – 13:00 Room 2 CEED Board meeting (12 participants)
13:00 – 14:00 Lunch break
19:00 Welcome drinks at PATIO PANARIO for the Board, invited guests and team leaders
19:30 Board dinner at PATIO PANARIO, Calle Manuel de Ossuna, 8, 38202 San Cristóbal
de La Laguna, Santa Cruz de Tenerife
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Abstracts talks

(This is art. For science, turn the page.)

Tuesday 17 October
Earth History, Paleomagnetism and Paleogeography
Session 1.1
· KeynotE ·

Carbonate remagnetizations: A blessing or a curse?
Rob Van der Voo
University of Michigan

The last two decades have seen considerable scientific progress in our understanding of clay
diagenesis and radiogenic isotope dating of potassic phases, notably illite. Enhancement of the
low-grade smectite-illite reaction appears to occur in deforming (faulting, folding) materials,
and allows the determination of the age(s) of orogenesis.
Apparently simultaneous with this illitization (and, hence, its age dates) is a large contingent of
chemical remagnetizations, observed in shale/carbonate sequences that are globally
distributed. Such remagnetizations have been the subject of recent studies in the Montana
Rocky Mountains and the Mexican Fold and Trust Belt. The Ardennes, Cantabria, and the
Paleozoic carbonates in the Appalachian Basin and Valley & Ridge belt have also contributed
evidence. In all these rocks, syn-deformational remanence is carried by stable single-domain
and occasional pseudo-single-domain magnetite. Magnetite is also manifested as
superparamagnetic nano-grains.
As a working hypothesis, the deformation of shale/carbonate sequences containing new illite,
and ubiquitous syn-tilting remanence, are coupled in space and time. If demonstrated as
viable, our model may allow the dating with argon-argon methods of the timing of illization as
well as syn-tilting remagnetization. This will allow, in turn, to have a tool to date scores of
paleopoles of carbonate remagnetizations, instead of imprecise attempts to date by
comparison with APWP segments.

A Pangean Terrane Wreck?
Stephen T Johnston
Department of Earth & Atmospheric Sciences,
University of Alberta, Edmonton, Alberta, Canada

The Variscan orogen of Iberia has been depicted as a convex to the west arcuate feature (the
Ibero-Armorican Arc). The IAA assumes continuity of geological belts of southern Great
Britain and northern France, and is cored by the Cantabrian orocline, an isoclinal orocline
affecting the Gondwana foreland fold and thrust belt. We demonstrated that the Cantabrian
orocline is coupled to a more southerly convex to the west Central Iberian Orocline. Together
these coupled oroclines (1) define a continental scale S-shaped fold of the Variscan orogen; and
(2) require that the continuation of the Rheic suture and Variscan geological belts lies to the
west and south. Palinspastic restoration of the oroclines yields a 2300 km long previously
linear orogen that is characterized by ophiolite-bound structural panels that young to the
south, and which are characterized by southward-younging magmatism and south-verging
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faults and folds. Paleomagnetic, structural and stratigraphic data constrain formation of the
Cantabrian orocline to a 10 Ma interval starting at ~ 305 Ma. Structural and paleomagnetic
data suggest that formation of the Central Iberian Orocline immediately preceded formation
of the Cantabrian Orocline. Together the two coupled oroclines accommodated 1100 km of
orogen-parallel translation at rates of > 5 cm/a. The Rheic suture and geological belts in
southeastern Ireland similarly define a convex to the west ‘Welsh’ orocline, palinspastic
restoration of which yields a linear orogen that is characterized by ophiolite-bound structural
panals that young to the north, and which are characterized by northward-younging
magmatism and north-verging faults and folds. This geometry implies that the Rheic suture
and more internal geological belts cross back into Britain to the north, explains paleomagnetic
data that suggest 180° of rotation of southern Britain, and suggests that the Iberian and
British portions of the Variscan are likely continuous with one another through the Bohemian
Orocline. Formation of the Welsh orocline was probably coeval with Cornubian magmatism
and requires subduction and large-scale translations as late as 270 Ma.
The Iberian and Welsh oroclines require thousands of kms of translation between 310 and
270 Ma at rates of 5 to 10 cm/a. The creation of large-scale oroclines, the implied rates of
translation, and the voluminous syn-kinematic magmatism indicate that: 1) so-called paraautochthonous Gondwanan strata in Iberia constituted part of a composite ribbon continent
during orocline formation, and were not part of stable Gondwana; 2) subduction of oceanic
lithosphere within the heart of Pangea (in order to accommodate and drive orocline
formation) continued well into the Permian; 3) the protracted Variscan orogeny was not
responsible for the formation of Pangea, and instead involved of the sequential accretion of a
series of peri-Gondwana lower plate continental ribbons to a stable intra-oceanic upper plate
arc; and 4) it is the Pangean Terrane Wreck that probably records the Gondwana – Laurussia
collision that formed Pangea (if indeed there ever was such a thing as Pangea).

Crustal evolution and the temporality of Anorthosites
L.D. Ashwal, G.M. Bybee
School of Geosciences, Wits Univ., Private Bag 3, WITS 2050, South Africa

Types of rock, such as komatiite, which formed entirely or dominantly during restricted time
periods in solar system history, are important indicators of how planetary bodies evolved in
deep time. We characterize three different types of temporally-restricted anorthosites (Fig. 1),
and discuss their significance to the broad-scale evolution of planetary processes.
Primordial anorthosites, which constitute the bulk of the lunar crust, were sampled during
Apollo and Luna missions, and have subsequently been identified in our meteorite collections.
They are characterized by very calcic plagioclase (An93-98), and all have magmatic
crystallization ages >4.3 Ga, suggesting that the earliest planetary crust-forming processes on
the Moon, and possibly elsewhere, involved substantial, if not total melting. The “magma
ocean” hypothesis, which has endured for nearly 50 years, argues that the lunar anorthositic
rocks represent global flotation cumulates of plagioclase, which crystallized after extensive
precipitation and sinking of olivine and pyroxene. Another possibility, revitalized by critical
filtering of age data, involves “serial magmatism”, whereby the lunar crust was constructed by
younger, smaller, episodic magmatic events. On Earth, two distinct types of temporallyrestricted anorthosites offer opportunities to understand the evolution of terrestrial
geodynamics, tectonics and magmatic processes.
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Archean megacrystic anorthosites formed only between 3.73 and 2.49 Ga as small
bodies (<500 km2) associated with the mafic magmatic assemblages of many greenstone belts.
They are typified by accumulations of equidimensional, almost spherical megacrysts (1 – 30
cm across) of calcic plagioclase (An61-94, avg. An80) in a mafic groundmass of broadly basaltic
composition, and probably formed in shallow magma chambers that fed mafic lavas to the
surface. The unusually calcic plagioclase compositions may reflect crystallization from hydrous
and/or Ca-rich basaltic parents that were fractionated derivatives of more primitive magmas,
possibly even komatiites. Isotopic and geochemical data for many Archean anorthosite
complexes indicate little to no evidence for contamination by silicic continental crust,
suggesting magma formation in oceanic environments, most likely by subduction in oceanic
arcs. Their temporal restriction might be explicable in terms of a hotter or wetter Archean
mantle, especially if a genetic connection to komatiites can be demonstrated. Alternatively,
higher Archean heat flow may have influenced oceanic crustal thickness, subduction rate, sites
of magma generation and/or melt composition, producing favorable conditions for the
generation of calcic megacrystic anorthosites.

Figure 1: Plagioclase An content (scale on left) for Lunar (blue box), Archean megacrystic (green symbols) and Proterozoic massiftype (red symbols) anorthosites, plotted against crystallization age, showing their distinct temporal restrictions. Ages of komatiites are
also shown (gray symbols), but are plotted with respect to their relative proportion within the magmatic sequences of the greenstone belts
in which they occur (scale on right).

Proterozoic massif-type anorthosites are distinctly different from other anorthosite types,
and occur as small plutons (1 – 10 km2), to large (up to 18,000 km2) composite batholiths, that
are temporally restricted to a ~2000 m.y. period between ~0.5 and ~2.6 Ga. The rocks are
dominated by intermediate plagioclase (An30-70, avg. An53), with lesser pyroxenes and/or
olivine. There is extensive evidence from petrology, geochemistry and isotope data for variable
contamination with continental crust, and the most plausible physical model involves deepcrustal ponding of basaltic magmas, crystallization and sinking of mafic silicates, and eventual
flotation of buoyant plagioclase. Massifs were constructed by the coalescence of plagioclaserich mushes, which ascended to mid-crustal emplacement sites. The basaltic parent melts or
magmas for massif-type anorthosites were mantle-derived; alternative models involving melting
of crustal sources, mafic or otherwise, cannot be supported. Collective features most readily
support an Andean-type continental arc setting, and careful geochronology is beginning to
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suggest that magmatism in individual massifs may have occurred over long time-scales of up to
100 m.y. The onset of massif-type anorthosite formation at ~2.6 Ga probably reflects global
secular cooling of the Earth, resulting in increased lithospheric strength and crustal thickness,
which promoted Moho-depth ponding and slow crystallization of basaltic magmas in
continental arc environments. The apparent disappearance of anorthosite massifs at ~0.5 Ga
may also relate to global secular cooling that changed the thermal structure of subduction
zones, and promoted the onset of high and ultra-high pressure metamorphism.

The regional and global importance of Bushveld geophysical data
S. J. Webb1, C. MacNiocaill2, C.A. Finn3, J.C. Cole1,4, L.D. Ashwal1, T.H. Torsvik1,5
1 School

of Geosciences, Wits Univ., Private Bag 3, WITS 2050, South Africa

2 Department
3 US

of Earth Sciences, University of Oxford, Oxford, UK

Geological Survey, MS 964, Denver Federal Center, Denver, CO, USA

4 Geophysics
5 Center

Unit, Council for Geoscience, Private Bag X112, Pretoria, 0001, South Africa

for Earth Evolution and Dynamics (CEED), University of Oslo, 0316 Oslo, Norway

Here I present perspectives and interpretations on a number of geophysical investigations of
the Bushveld Complex, which are designed to test models of geometry, emplacement, and
regional- to global-scale Earth processes. The results are based on physical property
measurements, gravity, magnetic, seismic tomography, neutron tomography, palaeomagnetic,
reflection seismic, cooling and magnetotelluric studies that were acquired by students and
colleagues in our research group since 1994. From physical property studies and gravity
modelling, we have concluded that the Bushveld Complex was emplaced in a series of
successive pulses, derived from an evolving, deep-crustal magmatic staging chamber. We have
identified a possible feeder system that is expressed as a prominent positive gravity anomaly
near Polokwane, adjacent to the Thabazimbi-Murchison Lineament (TML). The various limbs
or lobes of the Complex itself are regionally connected below younger cover rocks and granitic
intrusives, and our results imply that the Northern Lobe extends both northwards and
westwards, further than previously suggested. Receiver function data confirm a flexural
response of the crust to the load of the Bushveld Complex, and seismic tomography results
outline a region of relatively slow velocities in the sub-Bushveld mantle that extends westwards
towards Molopo Farms Complex of Botswana. Seismic and gravity modelling suggest that this
anomalous mantle region, which coincides with a more diffuse Moho, may have been
extensively modified by metasomatic processes. Palaeomagnetic studies are consistent with
recent precise U-Pb age data that demonstrate Bushveld Complex emplacement over a short
interval of ~1 million years, and have also clarified the age relationships between the layered
cumulate rocks and some of the mafic dykes and sills of the Eastern Lobe. The magnetic
properties of Bushveld rocks allow for the determination of superb, primary palaeomagnetic
directional data, which result in a very well-constrained 2.05 Ga pole position when corrected
for the dips of magmatic layering. This implies that Bushveld magmas were emplaced subhorizontally, and that the lopolithic structure formed by regional flexural subsidence after the
Complex cooled through the Curie temperature (580° C). When considered in a stratigraphic
context, the palaeomagnetic data document seven magnetic reversals, although some of these
may be correlated, requiring a better understanding of the geometry and cooling history of
the entire Complex. From a global perspective, the Bushveld palaeomagnetic results may yield
important constraints on the long-term evolution of Earth’s magnetic field, including changes
11

in intensity and reversal rate, and will contribute to the current debate on the timing of inner
core formation, and the development of the geodynamo.
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Session 1.2
· KeynotE ·
Tracking Rapid Polar Shifts
Dennis V. Kent
Earth & Planetary Sciences, Rutgers University, Piscataway, NJ 08854
Lamont-Doherty Earth Observatory of Columbia University, Palisades, NY 10964, USA.

In a paper published with Ted Irving, one of his last (1), we constructed a composite APW
path for the independently reconstructed continental realm from the Triassic through
Paleogene based on 70 individual paleopoles from all Earth’s major cratons and ranging in age
from 243 to 43 Ma. These poles had been derived from igneous rocks and from only certain
sedimentary formations to which corrections for I-error have been made; they represent only
about 1/3 of the poles deemed of sufficient quality for APW analyses in recent pole lists. A
hitherto unappreciated feature was found, a large/fast polar swing across a data gap from 160
and 145 Ma and a somewhat smaller/slower back swing between 145 and 120 Ma, forming a
cusp. Several kimberlites associated with high precision U-Pb perovskite ages were sampled in
Ontario, Canada, in an effort to fill the older data gap (2). The 154.9±2.4 Ma Peddie
kimberlite yields a stable normal polarity magnetization that is coaxial within less than 5° of
the reverse polarity magnetization of the 157.5±1.2 Ma Triple B kimberlite. The combined
~156 Ma Triple B and Peddie pole lies about midway between igneous poles from North
America nearest in age, consistent with polar motion at a relatively steady yet rapid (~1.5°/
Myr) pace. A similar large rapid polar swing has been recognized in the Middle to Late
Jurassic APW path for Adria-Africa based on I-error-corrected poles (3), pointing to a major
mass redistribution. One possibility is slab breakoff and subduction reversal along the western
margin of the Americas (4) combined with closure of the Mongol-Okhotsk Ocean (5) triggered
an episode of true polar wander (6). The Euler pivot for the polar shift from 160 to 145 Ma is
in the vicinity of what is now the Bight of Benin of western Africa, about the same place
where the pivot seems to be located for the rotation in the opposite sense between 145 and 120
Ma. Whether reflecting true (global) or apparent (continental realm only) polar wander, the
polar shifts imply rapid latitudinal changes that in specific circumstances may have influenced
the development of climate-sensitive facies (7). Additional new features of polar wander now
masked by seemingly numerous but biased and imprecisely dated poles may emerge from
renewed paleomagnetic studies motivated by the close connections already apparent between
Earth history, paleogeography, paleoclimates and mantle dynamics.
(1) D.V. Kent, E. Irving, JGR 115, B10103, (2010).
(2) D.V. Kent, B. A. Kjarsgaard, J.S. Gee, G. Muttoni, L.M. Heaman, G-cubed 16, 983–994 (2015).
(3) G. Muttoni, E. Dallanave, J. E. T. Channell, Palaeo3 386, 415–435 (2013).
(4) K. Sigloch, M. Mihalynuk, Nature 496, 50-57 (2013).
(5) R. Van der Voo, D.J.J. van Hinsbergen, M. Domeier, W. Spakman, T.H. Torsvik, GSA Special Paper 513,
589-606 (2015).
(6) M. Greff-Lefftz, J. Besse, G-cubed 15, 4599-4616 (2014).
(7) G. Muttoni, D.V. Kent, GSA Today 26, 4-10 (2016).
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True polar wander according to Torsvik (and others)
Pavel V. Doubrovine
CEED Oslo

Slow convective motions of the dynamic Earth, e.g., slabs of cold oceanic lithosphere sinking
into the deep mantle and hot thermal plumes rising from the core-mantle boundary, lead to a
gradual redistribution of mass heterogeneities within the planet, changing its moment of
inertia over geologic time. As a response to these changes, and owing to the conservation of
the angular momentum, the entire solid Earth (mantle and lithosphere) undergoes a solid-body
rotation manifested as motion of the geographic poles relative to the mantle. This process is
referred to as “true polar wander” (TPW), to distinguish it from the apparent polar wander
defined by paleomagnetism, which mainly reflects changes in the Earth’s paleogeography due
to the surface motion of lithospheric plates.
Quantifying TPW from plate reconstructions requires a kinematic model in which plate
motions are defined both with respect to the mantle (geodynamic reference frame), and with
respect to the Earth’s spin axis (paleogeographic frame). Differentiating the motions observed
in these two reference frames can then be used to derive rotations of the entire mantle relative
to the spin axis, that is TPW. While the plate motions in the paleogeographic frame are
constrained by paleomagnetic data, mantle reference fames have traditionally relied on
reconstructions relative to oceanic hotspots sourced by deep mantle plumes. However, the
hotspot models cannot be extended further back in time than the Early Cretaceous (~130 Ma),
and defining TPW for the earlier Mesozoic and Paleozoic times has been considered an almost
unsurmountable challenge until 2008, when Bernhard Steinberger and Trond Torsvik
introduced a principally new way of estimating TPW based on the analysis of coherent
rotations of continental lithosphere in the paleogeographic frame. In this talk, I will review the
recent developments in the research on TPW and discuss our latest hybrid model for absolute
plate motions and TPW for the entire Phanerozoic eon (0-540 Ma), which combines estimates
based upon the hotspot reconstructions back to Early Cretaceous time (0-120 Ma) with those
built upon the pioneering work of Steinberger and Torsvik for Early Cretaceous to Cambrian
time (120-540 Ma), and includes longitudinal constraints on the paleogeography obtained by
matching the eruption sites of large igneous provinces and kimberlites with the plume
generation zones bordering the two large low shear-wave velocity provinces (LLSVPs) in the
lowermost mantle. This model suggests that four episodes of slow, oscillatory TPW have
occurred from Early Cretaceous to recent time (0-120 Ma); nine additional episodes were
inferred in the earliest Cretaceous to Cambrian time (140-540 Ma), at rates not exceeding 1o/
Myr. The dynamic causes that may have triggered and driven these TPW events will be
discussed.
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Constraining shifts in North Atlantic plate motions during the
Palaeocene by U-Pb dating of Svalbard tephra layers
Morgan Jones
CEED Oslo

Understanding the evolution of tectonic processes requires a detailed examination of marginal
settings. In particular, the establishment of marker horizons in sedimentary basins can be used
to place precise ages on changes to regional plate motions. The relative motions of Greenland,
North America, and Eurasia changed several times during the Palaeocene. The formation of
the Central Basin in Spitsbergen is inherently linked to the initiation of compression between
Greenland and Svalbard, so an improved chronostratigraphy of the sedimentary sequence can
shed light on the regional tectonic evolution. Here we present U-Pb zircon dates from tephra
layers close to the basal unconformity, which yield a weighted-mean 206Pb/238U age of 61.596
± 0.028 Ma (2σ). We calculate that sustained sedimentation began at ~61.8 Ma in the eastern
Central Basin based on a sediment accumulation rate of 71.6 ± 7.6 m/Myr. The timing of
basin formation is broadly coeval with depositional changes at the Danian-Selandian
boundary around the other margins of Greenland, including the North Sea, implying a
common tectonic driving force. Furthermore, these stratigraphic tie points place age
constraints on regional plate reorganization events, including the onset of seafloor spreading in
the Labrador Sea. Geochemical analyses of multiple tephra layers within the Central Basin
deposits indicate that there was a shift in the locus of volcanism from northern Greenland
(Kap Washington) to Ellesmere Island (Nares Strait) soon after the onset of basin formation,
which is likely to be in response to the changes in relative plate motions.
· KeynotE ·

Nordic Paleomagnetic Workshops – The role of Trond Helge Torsvik
Lauri J. Pesonen
Department of Physics, University of Helsinki, Finland

In order to improve our understanding of the geological
evolution of the Earth and formations of supercontinents, a
necessary starting point is that the paleomagnetic results are
compiled into a modern database. This was the key idea for
the Nordic Paleomagnetic Workshops initiated in 1986 and
held every four to five years. Here I offer a short view of the
NPW´s giving a particular emphasis to the role of Trond
Helge Torsvik, not only in organizing many of these workshops but opening new avenues on
how the paleomagnetic data can be applied in the research of Earth´s paleogeography.
Introduction. The Nordic Paleomagnetic Workshops (NPW´s) were initiated in 1986 when
the Scandinavian paleomagnetists met in the European Geotraverse Study Center in Espoo,
Finland, (Fig.1). In this meeting a decision was made that Nordic paleomagnetists should have
a database workshop every fourth year and the host country should be Finland, Sweden,
Norway and Denmark, in order that the growing amount of paleomagnetic data will be
properly catalogued, evaluated and distributed. Iceland has recently joined in to organize
NPW´s. A strong stimulus to the first workshop came through T. H. Torsvik, who brought a
personal computer (the “legendary” Olivetti M24), which allowed not only data to be
15

Figure 1. Middle: photograph of the legendary (first generation) personal computer Olivetti M24 brought to the Espoo Workshop
(1986) by T.H. Torsvik (shown in Left). Right: L. J. Pesonen and S. Mertanen compiling the Fennoscandian paleomagnetic data
into a catalogue in the 1st NPW.

Figure 2. One of the highlight papers as an output of the Nordic workshops dealing with continental drift of Baltica. The first
author Trond Torsvik depicted in right.
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compiled, but used in studies of continental drift, paleogeography as well as core-, mantle- and
lithosphere dynamics, and paleogeomagnetic field properties. Figures 1- 4 show some
snapshots of the previous workshops.
In Fennoscandia, the NGU in Trondheim, became soon the host of the global database, lead
by T. Torsvik and M. Smethurst. This lead to thorough compilation of the paleomagnetic data
from Fennoscandia into a digital database following the IUGG/IAGA resolution. After the first
workshop seven NPW´s have been held: 2nd in Luleå 1990, 3rd in Trondheim 1994, 4th in
Århus 1999, 5th in Suitia 2004, 6th in Luleå 2009 and 7th in Haraldvangen. The 8th workshop
will be held in the Fall of 2017, first time in Iceland (Leirubakki), an idea offered by T.H.
Torsvik.
The 1st workshop focused on Fennoscandian data, the 2nd (Luleå 1990) included data from
Russian Karelia and Ukraine. In Trondheim workshop (1994) Precambrian data of Laurentia
were added into the database with a the usage of key-poles in comparing drift histories of
Superior and Karelian cratons.
In the next workshop (Århus 1999), the compilation was extended to global: the aim of the
“Precambrian group” was to reconstruct supercontinents like Columbia and Rodinia, while
the “Phanerozoic group” tested Gondwana and Pangea configurations. The next workshops,
Suitia in Finland (2004), Luleå (Sweden, 2009) and Haraldvangen (near Oslo; 2014) focused
on establishing key-pole lists to improve global reconstructions and to use them in studying the
characteristics of the paleogeomagnetic field and in discussing of the implications of
supercontinents in understanding the deep earth processes. The 8th workshop in Iceland 2017
will be organized by M. Brown and it has three topics: Paleogeography, Paleoclimate and the
Geomagnetic Field.

Figure 3. Left: Photograph of the workroom of the Luleå 2009 Workshop. In the image: David Evans, Z-X.Li, U. Preeden. E.
Piispa, T. Torsvik, J. Meert and F. Donadini in their work. Middle: A group photo of the participants. Right: One of the major
outputs of the Luleå Workshop, the supercontinent Nuna at 1650 Ma as based on key-poles and GPlates image.

A particular emphasis in these workshops has been to check, and often to recalculate, the data
since the original tables and figures contained errors or miscalculations: typically the
geographic or paleomagnetic longitude was often reported as “western” without minus sign,
or values of k or alfa95 contained obvious errors. In numerous cases the pole position lacked
error bars (dp, dm or A95). From the beginning the Nordic databases included a reliability
ranking: the originally used Briden-Duff “mesh” was later replaced by the Rob Van der Voo
´s Q-ranking. It is noteworthy to mention that although the database development and
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building supercontinents have been major topics in the Nordic Workshops, other topics have
dealt with archeomagnetic databases like GEOMAGIA and lake sediment databases. Studies
of the properties of the Precambrian field was a topic in Suitia, Luleå and notably in
Haraldvangen workshops. The dynamo modellers will join with paleomagnetists in the 2017
Iceland workshop.
New innovations by the Nordic Workshops. Some novel paleomagnetic data processing
techniques have been developed in the Nordic Workshops of which the previously mentioned
GMAP-programme (A Geographic Mapping and Reconstruction Software Package) which
now is linked to GPlates-programme, became popular. All the available databases (catalogues,
spreadsheets, GPMDB) were found to be not very userfriendly and had many caveats. This was
the reason that a novel PHP/MySQL database PALEOMAGIA was constructed jointly by
Yale (D. Evans) and Helsinki (L.J. Pesonen&T.Veikkolainen) University teams, another major
outputs of the NPW´s.

Figure 4. Group photo taken in the 7th NPW in Haraldvangen (near Oslo) in 2014.

Future. In the next four years the PALEOMAGIA will be merged into the UCSD-based
global database MagIC. The author of this paper has casted an idea that the Phanerozoic data
should be recompiled in the same way as the Precambrian data into "PHANEROMAGIA: this
is possible keeping in mind that the latter database (now partly in MagIC, partly in GPMDB)
has more than 7000 entries (PALEOMAGIA has at present 3345 entries). Another future task
is to link PALEOMAGIA to GPlates-programme, which is coming more popular in making
reconstructions. The advantage of GPlates is that it allows a simultaneous view of the Eulerrotated continents and corresponding poles on spherical projections (Fig. 3). Another task is to
better specify the craton boundaries since there are as many “craton sketches” as are workers
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doing them. Perhaps the GIS-polygon technique of outlining cratons is more justified than the
somewhat subjective “cartoon-technique” in GMAP.
I have previously suggested that we should compile not only paleomgnetic data but also data
of paleoclimatic indicators: evaporites, stromatolites, reefs, glaciogenic rocks, etc. into a
database, since they may give us hints of ancient latitudes independent of paleomagnetically
determined latitudes, this providing a way to tets the axiality of the field. Similarly,
compilations of craton mineral deposits, kimberlites, LIPS, rapakivi-anorthosites, bandid iron
formations (BIF´s) and global geophysical anomalies (magnetic, gravity and seismic S-wave
anomalies, etc.) may provide constrains for reconstructions. Looking the studies of the ancient
geomagnetic field, we should also compile and rank polarity reversal frequences coupled with
paleointensity and paleosecular variation data, since they together will help in deducing the
characteristics of the field in the past (whether GAD is dominating?) and in defining the onset
and growth history of the inner core, the age of stabilization of the dynamo etc. Progress in
this line of research will take place already in the forthcoming Leirubakki (Iceland) 2017
workshop, organized by Maxwell Brown at U of Reykjavik.
Nordic or Global. The Nordic Paleomagnetic Workshops have never been solely Scandinavian (participants like
S-Å. Elming, G. Bylund, N. Abrahamsen, T. Torsvik, H. Walderhaug, S. Mertanen, L. J. Pesonen, and others)
meetings. Active non-Scandinavian paleomagnetists participating in these meetings have been, just to mention but
a few, P. Hoffman, M. Lewandowski A. Khramov and A. Krasnova (both passed away), T. Onstott, R van der
Voo, J. Meert, M. D`Agrillo, K. Buchan, G. Park I. Dalziel, P. Schmidt, S. Pisarevsky, M. Dekkers, N. Lubnina, J.
Plado, D. Evans, P. McCausland, Z-X. Li, C. McNiocaill, E. Tohver, N. Swanson-Hysell, M. Domaier, P.
Doubrovine, L. Tauxe, V. Kravchinsky, and in the Iceland NPW, C. Davies, M. Heimpel, P. Driscoll, R. Trindade,
I. Wardinski, C. Constable, N. Jarboe, M. Korte, S. Panovska, B. Eglington, A. Smirnov, E. Kulakov, T. Rolf, S.
Zhang and others. Moreover, in every workshop we have had a number of active student participants, for
example M. Terho, H. Mattson, F. Donadini, M. Knudsen, J. Salminen, K. Korhonen, M. Pandit, E. Piispa, U.
Preeden, M. Tetley, and in Iceland workshop: S. Ots, L. Fairchield, L. Hawkins, S. Gunnarsson, H. J. Kjoll, A.
Pivarunas and others. This international trend continues in the next workshops.
Outreach. Although database compilations, building supercontinents and testing the paleogeomagnetic field
models have been the key topics in the past workshops, and have produced numerous highly ranked scientific
papers, the workshops have also established connections to host universities, organized full-day seminars, provided
short-courses and organized laboratory visits. Every workshop has had local country style daily food services, for
example, the memorable Christmas food serving throughout the 1994 Trondheim workshop organized by T.H.
Torsvik. Each workshop did end in a farewell dinner party, often accompanied with bands playing local type of
music. The workshops have been financed through national financing sources, notably by CEED (U of Oslo)
added with supports by international funding agences like NorFa, IAGA/IUGG and IGCP.
References. It is impossible to list here all the published papers and workshop reports. The reader is
asked to view the article by Pesonen (2014) for a review.
Pesonen, L. J., 2014. Nordic Paleomagnetic Workshops - A Historical View. 2014 Nordic Supercontinent
Workshop, Haraldvangen, Norway, October 13-19, 2014. CEED, Abstract Volume, p. 10-15.
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Does the kiss of a LIP ever linger for long?
Conall Mac Niocaill
Dept. Earth Sciences, University of Oxford, OX1 3AN, UK

Large igneous provinces (LIPs) are (mainly mafic) magmatic provinces with large areal extent
and igneous volumes, emplaced in an intra-plate setting, and characterized by igneous pulses
of short duration (1–5 Myrs), during which a large proportion of the total igneous volume was
emplaced. They are thought to be the surface expression of mantle plumes that have
impinged on the earth's crust. Such plumes probably have their origins as thermal instabilities
at the core-mantle boundary, or within the deep mantle, possibly at the margins of Large Low
Shear-Wave Velocity Provinces (LLSVPs). They then rise through the mantle, and flatten into
‘mushroom heads’ when they impinge on the base of the rigid lithosphere, feeding large-scale
voluminous flood basalt volcanism.
Large Igneous Provinces (LIPs) are linked to episodes of major climatic change and mass
extinctions of biota in the geological past, postulated to be due to the emission of large
quantities of volcanic gases over geologically short periods of time. Alternately the climate
perturbations are triggered by the interaction between the incoming magmas and their host
rocks, particularly if the host rocks are rich in organic material, or evaporites, which can
readily degass on heating. A key parameter, that is hard to measure in almost all Large
Igneous Provinces, is the volcanic flux, or the age-volume relationships within them, but this is
critical to gaining an understanding of the rate of volatile release, and hence likely
environmental impact.
In this talk I will discuss the constraints on the age-volume relationships of three Large Igneous
Provinces, based on a combination of paleomagnetic data and geochronology: the endCretaceous Deccan traps, which is associated with a major mass extinction event; the EarlyCretaceous Etendeka flood basalt province, which seems not to be associated with a major
extinction event; and the mid-late Cambrian Kalkarindji flood basalts, which may have been
associated with a mass extinction. Emplacement of the Deccan and Etendeka LIPs both span
about 4 Myr, with the geochronology in good agreement with the magnetostratigraphy.
Deccan volcanism seems to have peaked during chron 29r, whereas Etendeka volcanism seems
to have been relatively continuous. This long duration and lower effusions rates may explain
the anomalously feeble environmental impact of Paraná – Etendeka volcanism. Interpreting
the emplacement history of the Kalkarindji flood basalt province is complicated by the fact
that the geochronology yields a spread of ages, and many of the paleomagnetic sampling sites
have been overprinted by lightning strikes, but the few reliable sites all preserve only one
magnetic polarity, suggesting rapid emplacement.
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Bridging the mantle: A comparison of geomagnetic polarity reversal
rate, global subduction ﬂux, and true polar wander records
Andrew J Biggin1, Mark W Hounslow2, Mathew Domeier3
1 Geomagnetism
2 Lancaster
3 Center

Lab. Earth and Ocean Sciences, Liverpool Univ. Liverpool. UK.

Environment Centre, Lancaster Univ. Lancaster, UK, LA1 4YB.

for Earth Evolution and Dynamics (CEED), University of Oslo, NO-0316 Oslo, Norway.

The long-term variability in average geomagnetic reversal frequency over the Phanerozoic,
consisting of superchrons interspersed with periods of hyper-reversal activity, remains one of
the most prominent and enigmatic features evident within palaeomagnetic records. This
variability is widely expected to reflect mantle convection modifying the pattern and/or
magnitude of core-mantle boundary heat flow, and thereby affecting the geodynamo's
operation, but actual causal links to surface geological processes remain tenuous. Previous
studies have argued that mantle plumes, superplume oscillation, true polar wander, and
avalanching of cold slabs into the lower mantle could all be at least partly responsible. Here we
will present a re-evaluated reversal frequency record for the Phanerozoic and use it, together
with published findings from numerical geodynamo simulations, to push further towards an
integrated explanation of how the geomagnetic field has responded to mantle processes over
the last few hundreds of million years. Recent work on absolute plate motions back through
the Phanerozoic have allowed estimations to be made as to both the global subduction flux and
rates of true polar wander through time. When considered alongside the outputs of numerical
simulations of the geodynamo process, these can potentially explain long-timescale
palaeomagnetic variations over the last few hundreds of million years.

Collapse of Passive Margins by Lithospheric Damage and Plunging Grain
Size
Mulyukova, Elvira
Yale University

The collapse of passive margins has been proposed as a possible mechanism for the
spontaneous initiation of subduction. In order for a new trench to form at the junction
between oceanic and continental plates, the cold and stiff oceanic lithosphere must be
weakened sufficiently to deform at tectonic rates. Such rates are especially hard to attain in the
cold ductile portion of the lithosphere, at which the mantle lithosphere reaches peak strength.
The amount of weakening required for the lithosphere to deform in this tectonic setting is
dictated by the available stress. Stress in a cooling passive margin increases with time (e.g., due
to ridge push), and is augmented by stresses present in the lithosphere at the onset of rifting
(e.g., due to drag from underlying mantle flow). Increasing stress has the potential to weaken
the ductile portion of the lithosphere by dislocation creep, or by decreasing grain size in
conjunction with a grain-size sensitive rheology like diffusion creep. While the increasing stress
acts to weaken the lithosphere, the decreasing temperature acts to stiffen it, and the dominance
of one effect or the other determines whether the margin might weaken and collapse. Here, we
present a model of thermal and mechanical evolution of a passive margin, wherein we predict
formation of a weak shear zone that spans a significant depth-range of the ductile portion of
the lithosphere. Stiffening due to cooling is offset by weakening due to grain size reduction,
driven by the combination of imposed stresses and grain damage. Weakening via grain
damage is modest when ridge push is the only source of stress in the lithosphere, making the
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collapse of a passive margin unlikely in this scenario. However, adding even a small stresscontribution from mantle drag results in damage and weakening of a significantly larger
portion of the lithosphere. We posit that rapid grain size reduction in the ductile portion of the
lithosphere can enable, or at least significantly facilitate the collapse of a passive margin and
initiate a new subduction zone. We use this model to estimate the conditions for passive margin
collapse for modern and ancient Earth, as well as for Venus.

Antarctica - The last continent
Ebbing, Jö rg
Department of Geosciences, Christian-Albrechts-Universität Kiel, Germany

Antarctica is the last cornerstone in deciphering the geodynamic evolution of Gondwana as
well in the prediction of future sea-level rise. But due to the remote location and the ice
coverage of the Antarctic continent, our knowledge of the continents interior is still limited.
Satellite and airborne data, as well seismological and GNSS networks have in recent years
vastly improved our knowledge of the interior and shown that the tectonic setting of East
Antarctica is not more complex than that of a simple craton. For example, in its interior the
Gamburtsev mountains can be found which reach up to 3400 m, but are completely hidden by
thick ice sheets.
The combination of airborne and satellite data allows a new definition of the tectonic setting
and shows the fragmentation of East Antarctica. In combination with seismological data, the
lithospheric structure can be analysed as well, which allows to quantify the thermal structure
of the continent.
Such estimates are important to constrain the 3D viscosity structure governing glacial-isostatic
adjustment, but also the role of Solid Earth heat-flow on basal melting of ice-sheets. In the
Amundsen Embayment in West Antarctica, the highest melt and uplift rates on the globe are
observed and have been linked to a mantle plume as well as to a response to climate change.

Plate tectonic modelling in pre-Jurassic time
Mat Domeier
Centre for Earth Evolution and Dynamics (CEED), University of Oslo, 0316 Oslo, Norway

A half-century has passed since the dawning of the plate tectonic revolution, and yet, with rare
exception, paleogeographic models of pre-Jurassic time are still constructed in a way more
akin to Wegener's superseded paradigm of continental drift. Historically, this was due to a
series of conspiring problems—the near-complete absence of in situ oceanic lithosphere older
than 200 Ma, a fragmentary history of the latitudinal drift of continents, unconstrained
longitudes, unsettled geodynamic concepts, and a lack of efficient plate modeling tools—which
together presented an insurmountable challenge. But over the course of the last five decades
strategies have been developed to overcome these problems, and here I will discuss a workflow
that combines these strategies to allow for the construction of full-plate models (including
oceanic lithosphere) for pre-Jurassic time. Full-plate models can yield a range of testable
predictions which can be used to critically evaluate them, but also novel information regarding
long-term processes for which we have few (or no) alternative means of investigating, thus
providing exceptionally fertile ground for new exploration and discovery.
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Mantle dynamics in the Mediterranean
Faccenna, Claudio1*, Thorsten W. Becker2
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University Roma TRE
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University of Texas

The Mediterranean offers a unique opportunity to study the driving forces of tectonic
deformation within a complex mobile belt. Lithospheric dynamics are affected by slab rollback
and collision of two large, slowly moving plates, forcing fragments of continental and oceanic
lithosphere to interact. In this talk we will review the rich and growing set of constraints from
geological reconstructions, geodetic data, and crustal and upper mantle heterogeneity imaged
by structural seismology. We proceed to discuss a conceptual and quantitative framework for
the causes of surface deformation. Exploring existing and newly developed tectonic and
numerical geodynamic models, we illustrate the role of mantle convection on surface geology.
A coherent picture emerges which can be outlined by two, almost symmetric, upper mantle
convection cells. The downwellings are found in the center of the Mediterranean and are
associated with the descent of the Tyrrhenian and the Hellenic slabs. During plate
convergence, these slabs migrated backward with respect to the Eurasian upper plate, inducing
a return flow of the asthenosphere from the back-arc regions toward the subduction zones.
This flow can be found at large distance from the subduction zones and is at present expressed
in two upwellings beneath Anatolia and eastern Iberia. This convection system provides an
explanation for the general pattern of seismic anisotropy in the Mediterranean, first-order
Anatolia, and Adria microplate kinematics and may contribute to the high elevation of
scarcely deformed areas such as Anatolia and eastern Iberia. More generally, the
Mediterranean is an illustration of how upper mantle, small-scale convection leads to
intraplate deformation and complex plate boundary reconfiguration at the westernmost
terminus of the Tethyan collision.

Plate tectonics from grains to global scales: Grain-damage, grain-mixing
and tectonic hysteresis
Bercovici, David, Frederick William Beinecke
Yale University

The generation of plate tectonics on Earth relies on complex mechanisms for shearlocalization, as well as for the retention and reactivation of weak zones in the cold ductile
lithosphere. Pervasive mylonitization, wherein zones of high deformation coincide with
extensive mineral grain-size reduction, is an important clue to this process. In that regard, the
grain-damage model of lithospheric weakening provides a physical framework for both
mylonitization and plate generation, and accounts for the competition between grainreduction by deformation and damage, and healing by grain growth. Zener pinning at the
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evolving interface between mineral components, such as olivine and pyroxene, plays a key role
in helping drive grains to small mylonitic sizes during deformation, and then retards their
growth once deformation ceases. The combined effects of damage and pinning, however, rely
on the efficiency of inter-grain mixing between phases (e.g., olivine and pyroxene) and grain
dispersal, which likely depends on grain-size itself. Two recent models suggest that there is a
transition to efficient mixing at small grain-sizes in the grain-size-sensitive diffusion creep
regime, and this leads to a hysteresis effect. Hysteresis is manifest as two coexisting stable states,
one with slow deformation and large grains in dislocation creep, and one with rapid
deformation with small grains in diffusion creep characteristic of mylonites. These hysteretic
branches are akin to the tectonic state of the Earth with coexisting slowly deforming plates and
rapidly forming plate boundaries. Recent experiments on calcite-anhydrite from Cross and
Skemer (2017) indicate that these coexisting states or branches can occur in experimental
deformation maps. But to better match these experiments we will also show calculations on
deformation and grain-damage with large heterogeneity in volume fractions of the mineral
phases, which includes grain-scale mixing between phases based on our previous grain mixing
models.

Multifrequency tomography of P and S waves using ocean bottom
seismometers in the Indian Ocean
Maria Tsekhmistrenko, Karin Sigloch, Kasra Hosseini
University of Oxford

From 2011 to 2016, the RHUM-RUM project (Reunion Hotspot Upper Mantle – Reunions
Unterer Mantel) instrumented a 2000 km x 2000 km area of the Indian Ocean seafloor,
islands and Madagascar with broadband seismometers and hydrophones. The central
component was a 13-month deployment of 57 German and French Ocean Bottom
Seismometers (OBS) in 2300-5600 m depth. This was supplemented by 2-3 years deployments
of 37 island stations on Reunion, Mauritius, Rodrigues, the southern Seychelles, the Iles
Eparses and southern Madagascar. Two partner projects contributed another 30+ stations on
Madagascar.
Our ultimate objective is multifrequency waveform tomography of the entire mantle column
beneath the Reunion hotspot. Ideally, we would use all passbands that efficiently transmit body
waves but this meets practical limits in the noise characteristics of ocean-bottom recordings in
particular.
More than 200 teleseismic events during the 13-month long deployment yielded usable
measurements and additional 400 events before and after the main OBS deployment. We
present our methods, discuss data yield and quality of ocean-bottom versus land seismometers,
and of OBS versus broadband hydrophones. Above and below the microseismic noise band,
data yields are higher than within it, especially for OBS. The OBS were afflicted by relatively
high self-noise compared and the hydrophones functioned particularly reliably but their
waveforms are relatively more challenging to model due to reverberations in the water column.
We obtained ~150000 combined cross-correlations measurements that were used in our
multifrequency P-wave tomography, in passbands between 30 s and 2.7 s dominant period.
The measurements for permanent and temporal land stations show high quality, as quantified
by high cross correlation factors. However, because of the microseismic and stationary noise,
correlation of the OBS data shows lower values of cross correlation compared to land stations.
24

Hydrophones worked more reliably but contain strong reverberations from the water column
so that currently fewer data are usable than from the seismometers.
Here we present results of a P-wave and S-wave inversion based on multifrequency traveltime
observations, obtained by cross-correlation of observed with predicted waveforms for a
regional tomography. The latter are synthesised from fully numerical Green’s functions and
carefully estimated, broadband source time functions. We embedded the regional
measurements into a global P-wave inversion and compare previous results with this newly
realized high resolution tomographic model of the La Reunion area and surrounding
structures.

How plume-ridge interaction shapes the distribution of volcanics in the
oceans
Bernhard Steinberger
1

Centre for Earth Evolution and Dynamics (CEED), University of Oslo, 0316 Oslo, Norway

2

Helmholtz Cen. Potsdam, GFZ German Res. Cen. for Geoscience, 14473 Potsdam, Germany

In the classical view, hotspot tracks form as plates move across fixed mantle plumes. However,
many tracks show features that cannot be explained with this simple picture. These include
splitting into several parallel strands, gaps in tracks, connections to spreading ridges, and
widespread simultaneous volcanism at certain times. We show here how many of those features
can be explained if one considers the interaction of plumes with spreading ridges, large-scale
mantle flow and a lithosphere of strongly varying thickness.

What shapes a planet – Extra-terrestrial examples
Stephanie Werner1, Bernhard Steinberger1,2, Tobias Rolf1
1 CEED,
2

University of Oslo, Norway

GFZ-Potsdam, Germany

Once molten and able to differentiate, planetary bodies may adopt hydrostatic equilibrium and
become spherical, which is the key in the definition of a “planet” by the International
Astronomical Union. Intrinsic rotation of the planet, if deformable, causes a deviation from
the spherical shape. Thus, any further deviation from this rotational symmetry must indicate
(thermal and/or compositional) density variations in the interior, which can result in
dynamical processes, such as mantle convection or deformation of boundary layers.
Consequently, anything which causes deformation of the boundary layers – may it be mantle
convection, tides, or deposition and removal of ice (transient glaciation) and rocks (volcanismerosion) – modifies the shape of a planet as we observe it today. For Earth, specifically, surface
expressions indicative of the horizontal and vertical deformation of the top boundary layer is
available, such as by orogeny and subduction as a result of plate tectonics. We will show here,
how these processes collectively shape the figure of a planet, imprinted in the topography,
gravity field and geoid. We will show examples of other planets than the Earth and introduce
you to the interpretative challenges and the typically Earth-derived view posed on the
interpretation of other planetary bodies. We will still not be able to solve why Earth is the only
planet with plate tectonics 😀 .
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Dynamic Topography and Surface Deformation
Lithgow-Bertelloni, Carolina
University College London

Convective motions in the mantle both horizontal and vertical play a crucial role in shaping
the planet’s surface. Horizontal and vertical motions drive plate motions, generate topography,
control the state of stress of the lithosphere and surface deformation. The role of dynamic
topography in shaping Earth’s surface has long been debated, especially since we cannot agree
from an observational or physical standpoint on its magnitude. I review here the state of play
on our knowledge and understanding of how much surface topography is induced by mantle
flow, how difficult it is to decouple mantle flow from surface deformation, our progress in
observing the dynamic contribution to topography and the future challenges that await us.

Tectonic Reconstructions of Dynamic Topography and Sea Level
Clinton P. Conrad1, Bernhard Steinberger2,1, Trond H. Torsvik1,3,4
1

Centre for Earth Evolution and Dynamics (CEED), University of Oslo, 0316 Oslo, Norway

2
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Earth’s surface is deflected vertically by stresses associated with convective mantle flow, across
wavelengths ranging from hundreds to tens of thousands of km. Although dynamic
topography is important for both sea level change and continental uplift and subsidence, it
cannot be easily observed because it is obscured by isostatic topography that is several times
larger. As a result, both the amplitude and the time-dependence of long-wavelength dynamic
topography remain controversial. Here we develop new constraints on the longest wavelength
components of dynamic topography (tens of thousands of km) using amplitudes constraints
from modern-day bathymetry and temporal constraints from tectonic reconstructions of plate
motions. First, we examine asymmetries in seafloor bathymetry across the Mid-Atlantic Ridge
(MAR) and the East Pacific Rise (EPR) and we find that both ridges are tilted toward South
America, as predicted by global mantle flow models. However, we find that this asymmetry is
best explained by long-wavelength dynamic topography of only ~500 m amplitude, or about
half of what is predicted by global mantle flow models. Second, we demonstrate a tight
relationship between the spatial pattern of long-wavelength dynamic topography and plate
motions. This coupling allows us to develop a model of long-wavelength dynamic topography
back through the Mesozoic using plate tectonic reconstructions. Continental motions over this
modeled dynamic topography predict patterns of continental uplift and subsidence that we
can relate to specific geological observations. Furthermore, we show that dispersal of the
Pangean supercontinent away from stable upwelling beneath Africa may have exposed the
seafloor to an increasingly larger area of growing positive dynamic topography during the
Mesozoic. This net uplift of the seafloor caused ~60 m of sea level rise during the Triassic and
Jurassic, which is a significant component of the estimated ~200 m of sea level change during
the Phanerozoic. Looking further backward in Earth history, we note that sea level change is
strongly sensitive to the position of the continents relative to the changing pattern of long26

wavelength dynamic topography. As a result, observations of past sea level change (both
eustatic and regional) can potentially be used to detect major changes to the long-wavelength
pattern of global mantle flow that may (or may not) have occurred during the Phanerozoic.

Abrupt Upper-Plate Tilting During Slab–Transition-Zone Collision
Fabio Crameri1 and Carolina Lithgow-Bertelloni2
1 Centre

for Earth Evolution and Dynamics (CEED), University of Oslo, Norway

2 Department

of Earth Sciences, University College London, UK

During ‘Ocean-Plate Tectonics’, the sinking remnant of an oceanic surface plate crosses and
interacts with multiple boundaries in Earth’s interior. The most-prominent dynamic
interaction arises at the upper-mantle transition zone where the sinking plate is strongly
affected by the interaction with the higher-viscosity lower mantle. Within our model, we
unravel, for the first time, that this very collision of the sinking slab with the transition
zone induces a sudden, dramatic downward tilt of the upper plate towards
the subduction trench.
The slab-transition zone collision sets parts of the higher-viscosity lower mantle in motion.
Naturally, this then induces an overall larger return-flow cell that, at its onset, tilts the upper
plate abruptly by around 0.03 degrees and over around 10 Millions of years. Accompanying
this tilt is an equally-sudden, land-inward shift of inundation over around 800 km. Such a
significant and abrupt variation in surface topography should be clearly visible in temporal
records of large-scale surface elevation and might explain continental tilting as observed in
Australia since the Eocene or North America during the Phanerozoic.

Absolute plate motion, slab dragging, and the recent geodynamic
evolution of the western Mediterranean region
Wim Spakman1,2,*, Maria V. Chertova1, Arie. P. van den Berg1, and Douwe J.J. van
Hinsbergen1
1 Department
2

of Earth Sciences, Utrecht University, Utrecht, The Netherlands

Centre of Earth Evolution and Dynamics (CEED), University of Oslo, 0316 Oslo, Norway

Tectonic deformation in subduction regions is commonly investigated in the framework of
relative convergence between the downgoing and overriding plates. The impact of absolute
plate motion, i.e. motion in a mantle frame of reference, has so far not been uniquely
identifiable from kinematic geological or geodetic observations. Here we show for subduction
in the western Mediterranean region how lateral slab transport through the mantle, coined
slab dragging, impacts detectably on tectonic evolution. From 3-D numerical simulations of
Rif-Gibraltar-Betic (RGB) slab evolution in a mantle frame we show that the RGB-slab is
dragged by African and Iberian plate motions to the N-NNE, almost perpendicular to the
direction of relative convergence. Importantly, the mantle resistance against slab dragging
causes relative motion between the slab and surrounding plates which drives hitherto
enigmatic regional tectonic features such as the closing of the marine gateways in northern
Morocco3 prior to the Messinian Salinity Crisis. We unmask mantle-resisted slab dragging as
the missing geodynamic process for understanding regional deformation. Slab dragging allows
us to identify the N22.5° E±2.5° strike of the active west Trans-Alboran Shear Zone and
N51.5° E±2.5° strike of the Eastern Betic Shear zone as the absolute plate motion direction of
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the African and Eurasian plates, respectively. These are the first-ever absolute motion estimates
from relative geological and geodetic observations that even allow us to estimate the absolute
motion vectors. Generally, slab dragging is forced by the surface motion of the subducting
plate and resisted by the mantle. It is an unexplored process that can occur in directions
strongly oblique to relative plate convergence leaving a discernible crustal signature from which
new constraints on absolute plate motion can be obtained, as well as new understanding of
what drives crustal deformation.
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Session 2.3
· KeynotE ·
New views on slabs and plumes, and their links to the surface
Karin Sigloch1; This is joint work with Maria Tsekhmistrenko, Kasra Hosseini, Simon
Stähler, Afsaneh Mohammadzaheri, Tarje Nissen-Meyer, Guilhem Barruol, Mitch
Mihalynuk
1University

of Oxford

In recent years, our seismic tomography group has made major technological efforts aimed at
improving the resolution of mantle structure from the transition zone downward. This has
included computational techniques, and the deployment of a large ocean-bottom seismometer
network. The prime targets have been subducted plates and mantle plumes, for which I will
review our results. The bottom line is that neither type of structure much resembles their
textbook images. I will venture some thoughts on what this might mean, especially for the
functioning of trenches and hotspots, the surface expressions of slabs and plumes.

The geology of the Canary Islands
Else Ragnhild Neumann & Erik Wulﬀ-Pedersen
CEED Oslo

See excursion guide at the end of the booklet.

· KeynotE ·
Earth history from Wegener to ME
Trond H. Torsvik
CEED Oslo
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The Pre-Caledonian Margin of Baltica: overview and research in progress
Torgeir B. Andersen1, Johannes Jakob1, Hans Jørgen Kjøll1, Fernando Corfu1,
Sverre Planke1, Trond H. Torsvik1, Christian Tegner2, Loic Labrousse3 and Geoﬀroy
Mohn4
1

CEED, Univ. i Oslo, Norway

2

Univ. Århus, Denmark
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The pre-Caledonian margin of Baltica formed by the rifting and eventual continental breakup by Rodinia in the Late Proterozoic to Ediacaran. With exception of the ~616 Ma dolerite
dike-swarm near Egersund in SW Norway, the Fennoscandian basement including the mostly
autochthonous basement windows in western Scandinavia (Lofoten, Western Gneiss Region,
etc.) were surprisingly little affected by the rifting and the subsequent magmatism associated
with the break-up. The distal parts of the margin, however, were strongly attenuated, hyperextended and in a more than 1000 km long segment, intensively intruded by a break-up
related Large-Igneous Province (LIP), here referred to as the Pre-Caledonian LIP (PC-LIP). In
this presentation, we provide some glimpses of new results and observations as well as work in
progress from a large part of the nappe-stack of Scandinavian Caledonides containing the
vestiges of the pre-Caledonian margin. Based on our recent and some previous work, we
propose a regional tectonic and paleogeographic model for the pre-Caledonian passive margin
as it evolved from the Ediacaran into the late-Cambrian/early-Ordovician, when the Iapetus
Ocean started closing. We suggest that the distal margin architecture was highly complex and
included micro-continental sliver(s) and a hyperextended, magma-poor domain with
transition(s) to highly attenuated embryonic oceanic and magma-rich passive margin domains.
The break-up related PC-LIP magmatism lasted from approximately 615 to 570 Ma. Our
ongoing structural and metamorphic petrology studies, combined with geochronology,
geochemical analyses and petrological modelling suggest that the impingement of a mantle
plume on the Ediacaran continental lithosphere may have been associated with a temperature
anomaly of up to 100oC, causing widespread melting of the asthenosphere as well as partial
melt-generation in highly attenuated and intensely dike-intruded parts of the continental crust
and sediments of the margin.
It is our opinion that the pre-Caledonian distal margin rocks of the Iapetus as preserved in
nappes of Scandinavian Caledonides preserve most of the elements of wide passive margins,
and that it probably represents one of the best exposed field analogue for the deeper and least
known parts of passive margins.
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Water, viscosity and parametrised models: the eﬀects of weakening,
stiﬀening and mixing
Kiran Chotalia, Carolina Lithgow-Bertelloni and John Brodholt
University College London

The effect of water on the viscosity of mantle minerals is complex. Experimental work has
shown weakening with a few hundred ppm contributing up to several orders of magnitude
reduction in viscosity (e.g. Mei & Kohlstedt 2000). The impact on thermal evolution and water
cycle has been investigated in parametrised and two-dimensional models (e.g. Crowley et al.
2011; Nakagawa et al. 2015). On the other hand, some experiments have shown viscosity
increasing with increasing water content. However, the exact form of these water dependent
laws remains unknown.
We examine the differences arising from the implementation of viscosity laws with simple and
complex exponential dependencies on water in a parametrised model. The model is based on
Crowley et al. (2011), solving for the conservation of energy and mass across the mantle and a
surface ocean. We also investigate the role of a time delay due to mixing and incorporation of
subducted material, a process often over-looked but simple to implement in parametrised
models.
Preliminary results show a viscosity which increases with water content loses heat extremely
rapidly, greater than the upper limit of 500° decrease suggested from petrology and
geochemistry (Grove & Parman 2004; Condie et al. 2016). Degassing releases water into the
surface reservoir, decreasing the water content of the mantle and decreasing the viscosity. This
allows the mantle to convect more rapidly, releasing more water to the surface until the mantle
is completely dry with a minimum viscosity. The low viscosity facilitates rapid convection and
~100 ppm water is returned to the mantle by ~1 Gyrs. Over 4.6 Gyrs, the average mantle
temperature decreases between 700° and 1000°.

Volumes and Patterns of Asthenospheric Melt Inferred from the SpaceTime Distribution of Seamounts
Clinton P. Conrad1, Kate Selway2, Marc M. Hirschmann3, Maxim D. Ballmer4, and
Paul Wessel5
1
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4 Institute
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Although partial melt in the asthenosphere is important geodynamically, geophysical
constraints on its abundance remain ambiguous. We use a database of seamounts detected
using satellite altimetry to constrain the temporal history of erupted asthenospheric melt. We
find that intraplate volcanism on young seafloor (<60 Ma) equates to a ~20 m thick layer
spread across the seafloor. If these seamounts tap partial melt within a ~20 km thick layer
beneath the ridge flanks, they indicate extraction of an average melt fraction of ~0.1%. If they
source thinner layers or more laterally restricted domains, larger melt fractions are required.
Increased seamount volumes for older lithosphere suggest either more active ridge flank
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volcanism during the Cretaceous or additional recent melt eruption on older seafloor. Pacific
basin age constraints suggest that both processes are important. Our results indicate that small
volumes of partial melt may be prevalent in the upper asthenosphere across ocean basins.

The Gakkel Ridge, Arctic Ocean: New evidences for volcanism in ultraslow spreading regime
C. Gaina1, A.M. Nikishin2, E.I. Petrov3, N.A. Malyshev4, S.I. Freiman2
1

Centre for Earth Evolution and Dynamics, CEED, Department of Geosciences, University of Oslo, Norway

2 Geological

Faculty, Moscow State University, Moscow, Russia

3 Rosnedra,
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New Russian seismic data and multibeam bathymetry document in detail for the first time the
deepest valley along the Gakkel Ridge- the Gakkel Ridge Deep (GRD)- a deep basement
structure situated very close to the easternmost tip of the Gakkel Ridge. GRD is surrounded
by steep faulted blocks, which may have been overprinted by volcanic edifices in several places.
In its deepest part (c. 5200 m), the GRD is about 95 km long and 30-45 km wide, and the
basin’s depth relative to the shoulder uplifts is 1800-2000 m. Seismic and multibeam
bathymetry data image a volcano-like feature on one of GRD’s flanks. Strong reflectors
indicating volcanic material are seen within young sediments accumulated in the GRD
adjacent rift valley. Immediately south of GRD large seamounts are also identified.
By analyzing available geophysical data, we map the magmatic and amagmatic segments of
the eastern Gakkel Ridge. A comparison to its western part and other ultra-slow mid-ocean
ridges is also presented.

Figure 1: The Gakkel Ridge Deep. Left panel: New Russian Seaimic reflection profile along the deepest part of the Gakkel Ridge.
Right panel: GRD bathymetry. Black line shows the location of the seismic profile shown on the left. Upper right: Seismic profile
imaging two seamounts, Shaykin (Ssm) and Trubyatchinsky (Tsm). Lower right image shows a volcanic feature on the GRD inside
flank imaged by multibeam data (figure modified after Nikishin et al., https://doi.org/10.1016/j.tecto.2017.09.006)
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The slab-mantle interaction, deformation and its translated surface
topography eﬀects
Antoniette Greta Grima1, Carolina Lithgow-Bertelloni1, Fabio Crameri2
1

University College London
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CEED, University of Oslo

The subduction of the Earth’s top boundary layer, into the mantle, is a fundamental process,
unique to our planet (Stern, 2002; Billen, 2008). However, despite its central role in shaping
the Earth’s surface, and its role as an enabler for the emergence and evolution of life, very little
is known about this process at depth, the interaction of the subducted slab with the mantle,
particularly at the transition zone and how this is translated to the surface (Albarède, 2009;
Stern, 2002; Billen, 2008).
Here we present a 2-D self-consistent, one sided subduction model, with variants that include a
continental overriding plate, a mantle wedge above the subducting slab and a variable viscosity
profile. Our model is solved by the finite difference/volume multigrid code StagYY (Tackley,
2008) and uses the ‘sticky air’ approach which allows for the generation of realistic topography
at the trench, subducting and overriding plates.
This study investigates various subduction parameters such as; the slab-mantle viscosity
contrast, slab geometry, the slab strength and its ability to resist deformation. This in order to
constrain related surface observables such as back-arc basins and island-arcs, and trench
mobility. We attempt to identify which of these parameters are most important to generate the
observed topography at subduction zones and if any other factors are required to sustain the
interplay between the gravitational and viscous forces that produce rollback and slab
stagnation. We also analyse the dual nature of the upper-lower mantle transition zone in an
attempt to identify the effects of viscosity and phase changes on the slab evolution, its
stagnation or transition into the lower mantle and the resulting topography at the surface.
This approach tests different types of subduction parameters and the resulting slab and surface
behaviour through a realistic Earth-like model in an attempt to identify the key players in slab
and surface evolution. This will not only allow us to understand surface, slab and mantle
behaviour at various depths with different viscosities, but will also provide insights into
subduction dynamics both at present day and in the past.
Albarède, F. (2009). Volatile accretion history of the terrestrial planets and dynamic implications. Nature,
461(7268):1227– 1233.
Billen, M. I. (2008). Modeling the dynamics of subducting slabs. Annual Review of Earth and Planetary
Sciences, 36(1):325–356.
Stern, R. J. (2002). Subduction zones. Reviews of Geophysics, 40(December):1031–1039.
Tackley, P. J. (2008). Modelling compressible mantle convection with large viscosity contrasts in a threedimensional spherical shell using the yin-yang grid. Physics of the Earth and Planetary Interiors, 171(1-4):
7–18.
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Melting curves for periclase, bridgmanite and Ca-perovskite by ab initio
molecular dynamics
Marthe G. Guren1, Chris E. Mohn1, Marzena A. Baron1, and Reidar G. Trønnes1,2
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The melting curves for periclase (pc), bridgmanite (bm) and Ca-perovskite (cpv), the three most
important end members in the lower mantle model system CaO-MgO-SiO2, were investigated
by ab initio Born—Oppenheimer molecular dynamics simulations where liquid and solid are
in mechanical contact in the simulation box. The melting temperatures calculated from
conventional large-cell coexisting method were compared to those from our newly developed
small-size two-phase method. In the small-size method, the melting temperature is calculated
from a distribution of the number of simulations that ended up as a liquid and the number of
simulations that ended up as a solid. The melting curve is extended beyond previous
determinations and passes through 6100, 8000, 9440 K at 36, 110 and 200 GPa, respectively.
The dT/dp slope seems to remain positive, even at 200 GPa. The bm melting curve is
anchored to the multianvil experimental determination at 2850 K and 25 GPa and is broadly
consistent with recent determinations from shock-wave experiments and atomistic simulations.
Our melting curve lies slightly higher than those based on recent studies and maintains a
positive dT/dp slope through the lower mantle pressure range. This supports the previous
conclusion that there is no melt-bm density inversion in the system MgSiO3 within the lower
mantle pressure range. The cpv melting temperatures are higher by about 500 K at 42 GPa
and 1000 K at 70-120 GPa compared to recent temperatures derived from thermodynamic
and equation-of-state modelling as well as classic potential molecular dynamics simulations.
Our melting curve agrees well with the multianvil-based experimental determinations at 14-16
GPa and has a considerably steeper dT/dp slope than the previously reported curves below 70
GPa. The high thermal stability of Ca-perovskite may possibly be explained by the more ideal
perovskite structure when the larger and more suitable Ca-atom occupies the A-site and is
consistent with the observations of cpv as the first liquidus phase in basaltic melts under lower
mantle pressure conditions.

Figure. Melting curve for Ca-perovskite
show that the cpv melting temperatures are
higher by about 500 K at 42 GPa and
1000 K at 70-120 GPa compared to recent
temperature derived from thermodynamic and
equation-of-state modelling as well as
classical potential molecular dynamic
simulations. Green and red squares: 80- and
120-atom cells, respectively.
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Neoproterozoic true polar wander explored
Hans Jørgen Kjøll, Eric Tohver, Trond Torsvik
CEED Oslo

The Neoproterozoic encompasses a time of climate extremes and uncertain paleogeography.
The first of the global glaciations “Snowball Earth” variety occurred at c. 800 - 850 Ma. This
time also marks the initial break-up of the postulated supercontinent Rodinia, followed by the
assembly of Gondwana in Ediacaran to Cambrian times. These events have consequences for
the Earth’s mass distribution, which will change as a result of glaciation and long-lived mantle
convection cells developing beneath the Rodinian lithosphere. Fast rearrangements of internal
density distributions relative to the Earth’s spin axis have been proposed and so-called
“Inertial-Interchange True Polar Wander (IITPW)” would be observed as the simultaneous 90°
shift of the entire lithosphere and mantle, independent of conventional tectonic plate motions.
Two such TPW events have been proposed by Maloof et al. (2006) to have occurred during
deposition of a radiometrically-undated Middle Neoproterozoic sequence of carbonate shelf
rocks in Eastern Svalbard, Norway. The evidence for these proposed TPW shifts consists of
apparently rapid changes (1–5 Ma) of ~55° in the paleomagnetic declination of putatively
primary paleomagnetic remanences preserved by these rocks. A positive slump-fold test for the
youngest Svaneberget Formation and inconclusive tectonic fold tests for the older Upper and
Lower Grusdievbreen Formation were reported. The rocks were deformed during the Silurian
Caledonian orogeny and are found within a fold and thrust belt with kilometric-scale first
order folds. This study aimed at resampling the same geological formations on both limbs of
the regional folds and conduct a proper tectonic fold-test to check the validity of the
paleomagnetic data. Geochronology of the sediments will be carried out in a different part of
the project. Interpretations of the data acquired from c. 10% of the specimens indicate a
strong overprint of the present day local field on Svalbard as well as a Devonian overprint
direction. Some older remnant directions have been unveiled using AF demagnetization and
show, in general, different directions than what has been observed by Maloof et al. (2006).
Maloof, A. C., Halverson, G. P., Kirschvink, J. L., Schrag, D. P., Weiss, B. P., and Hoffman, P. F., 2006,
Combined paleomagnetic, isotopic, and stratigraphic evidence for true polar wander from the
Neoproterozoic Akademikerbreen Group, Svalbard, Norway: Geological Society of America Bulletin, v.
118, no. 9-10, p. 1099-1124.

Paleomagnetism and 40Ar/39Ar geochronology of Proterozoic rocks from
Bamble and Telemark sectors in SW Norway: Revisiting Baltica in
Rodinia context.
Evgeniy V. Kulakov1, Pavel V. Doubrovine1, Trond Slagstad, and Morgan Ganerød.
1CEED

Oslo

Almost thirty years of research on reconstructing Rodinia have resulted in a number of
paleogeographic models in which the Proterozoic supercontinent assembled between ~1300
and 900 Ma, comprising virtually all continental landmasses known to exist at that time. After
the first two decades of scrutinizing the Proterozoic paleogeography using geologic
observations, paleomagnetism and geochronology, researchers seemed to have reached a
general agreement on Rodinia’s configuration and lifespan. However more recent
paleomagnetic and geologic data suggest that some cratons may not have been a part of
Rodina, or that the final amalgamation of all constituents occurred later, after 900 Ma. For
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example, the position of Baltica with respect to Laurentia in Rodinia is thought to be well
known. However, some controversy remains. Geological observations suggest that the two
continental blocks could have been together from as early as ~1800 Ma until the final break-up
in the late Neoproterozoic. In contrast, limited paleomagnetic data suggest a more complex
history of relative motion between these cratons. Also, the Grenville-Sveconorwegian orogenic
belt, which forms the backbone for nearly all Rodinia models, exhibits differences in tectonic
style that warrant a critical assessment of their positions in Rodinia. The complicated tectonic
and thermal histories in these orogenic belts lead to ambiguities in constraining the age of
magnetic remanence. The ambiguity of magnetization age and the scarcity of available
paleomagnetic data, particularly for Baltica, introduce large uncertainties in the
paleogeographic reconstructions of Rodinia. In an attempt to fill the data gap, we have
conducted a combined paleomagnetic and 40Ar/39Ar geochronologic study of basic rocks from
the Bamble and Telemark sectors of SW Norway. We will present the results and discuss
magnetic remanence age, and paleogeography of Baltica in the context of the Rodinia
supercontinent.

Continental underplating after slab break-oﬀ
Valentina Magni1, Mark B. Allen2, Jeroen van Hunen2, Pierre Bouilhol3
The Centre for Earth Evolution and Dynamics (CEED), University of Oslo, Sem Sælands vei 24, PO Box 1048,
Blindern, NO-0316 Oslo, Norway
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Université Clermont Auvergne, CNRS, IRD, OPGC, Laboratoire Magmas et Volcans, F-63000 Clermont-Ferrand,
France
3

We investigate the evolution of continental collision, particularly the fate of the subducted
continental lithosphere after slab break-off. We perform three-dimensional numerical models
of a subducting oceanic plate that has a 2000 km wide continental block in the middle that
collides with a continental overriding plate. We vary the width of the oceanic sides and the
density structure of the continental indentor to investigate what controls the occurrence of
underplating and its dynamics.
We find that in some scenarios the subducting continental lithosphere underthrusts the
overriding plate not immediately after it enters the trench, but after oceanic slab break-off. In
this case, the continental plate first subducts with a steep angle and then, after the slab breaks
off at depth, it rises back towards the surface and flattens below the overriding plate, forming a
thick horizontal layer of continental crust that extends for about 200 km beyond the suture.
This type of behaviour depends on the width of the oceanic plate marginal to the collision
zone: wide oceanic margins promote continental underplating and marginal back-arc basins;
narrow margins do not show such underplating unless a far field force is applied.
Our models show that, as the subducted continental lithosphere rises, the mantle wedge
progressively migrates away from the suture and the continental crust heats up, reaching
temperatures >900ºC. This heating might lead to crustal melting, and resultant magmatism.
We observe a sharp peak in the overriding plate rock uplift right after the occurrence of slab
break-off. Afterwards, during underplating, the maximum rock uplift is smaller, but the
affected area is much wider (up to 350 km). These results can be used to explain the dynamics
that led to the present-day crustal configuration of the India-Eurasia collision zone and its
consequences for the regional tectonic and magmatic evolution.
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Indian Precambrian Paleomagnetism: A Decade+ of Advances
Joseph Meerta, Anthony Pivarunasa, Scott Millera, Manoj Panditb, Anup Sinhac
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The goal of developing accurate plate reconstructions in a kinematic framework faces several
daunting problems as these studies push further back in time. First and foremost, a
comprehensive paleomagnetic database must be available for many of the larger continental
blocks. Given that the larger continents are themselves an amalgam of smaller pieces, we must
develop an accurate history on the growth of each individual continent. In the past 15-20
years, paleomagnetic studies have improved for nearly every continent such that kinematic
models (real plates) may be developed to the beginning of the Neoproterozoic (~1000 Ma).
Plate models beyond that ‘wall’ will require more basic data collection in order to establish the
assembly history of each block that make up a larger continent. Our work (along with many
other researchers around the globe) has focused on the assembly of the Indian subcontinent.
The first comprehensive review of Indian Precambrian paleomagnetic data was undertaken by
Hargraves and Bhalla (1982). That synthesis summarized 34 published paleomagnetic studies.
Although some of the paleomagnetic data seemed reliable; few, if any, were tied to reliable
geochronological data. Within the past 10-15 years, the paleomagnetic and geochronologic
database from the Indian cratonic nuclei has improved. A key target in these most recent
paleomagnetic studies are mafic dykes coupled with U-Pb baddeleyite/zircon geochronology.

Figure 1: A comparison of the Indian paleomagnetic database in 2001 with the current Indian paleomagnetic database. Coloured
lines indicate robust paleomagnetic data from the major Indian cratons.
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These data have greatly enhanced the resolution of the published Indian paleomagnetic
database (Figure 1). Well-constrained paleomagnetic data – good age controls on both the unit
and magnetization – is essential for tectonic reconstructions. With an optimal distribution of
age/paleomagnetism, we can delineate the coherence or independence among the major
Indian cratons: Dharwar, Bastar, Singhbhum, Bundelkhand, and Aravalli/Banded Gneiss
Complex.
For example, paleomagnetic and geochronologic data place Dharwar and Northern Block of
the Southern Granulite Terrane together by 2.37 Ga (Dash et al., 2013; Pivarunas et al., in
press), soon after stabilization of the Dharwar craton. Similar data produced by paleomagnetic
studies (Meert et al., 2011; Belica et al., 2014) on dykes dated at 1.88 Ga in both the Dharwar
and Bastar cratons argues for their coherence by at least this time. However, questions still
remain as to the relationship of the cratons considered part of the Southern Indian Block
(Dharwar, Bastar, Singhbhum) and Northern Indian Block (Bundelkhand, Aravalli/BGC). The
Central Indian Tectonic Zone (CITZ) separating the regions has a polymetamorphic history
(at ca. 2.4 Ga, 1.6 Ga, and 1.0 Ga) and it is unclear as to how these metamorphic events relate
to unification models. Paleomagnetic data of matching age from both regions, like the above
examples, may provide the best constraint on SIB/NIB unification.
This poster represents a progress report on the assembly of India and its position in the
proposed Rodinia and Columbia supercontinents.
R. Hargraves & M. Bhalla, 1983. Precambrian paleomagnetism in India through 1982: a review. In:
Naqvi, S.M., Rogers, J.J.W. (Eds.), Precambrian of South India, Geological Society of India Memoirs, 4,
pp. 491–524.
J. Dash, S. Pradhan, R. Bhutani, S. Balakrishnan, G. Chandrasekaran, & N. Basavaiah, 2013.
Paleomagnetism of ca. 2.3 Ga mafic dyke swarms in the northeastern Southern Granulite Terrain, India:
Constraints on the position and extent of Dharwar craton in the Paleoproterozoic, Precambrian
Research, 228, 164-176.
A. Pivarunas, J. Meert, M. Pandit, & A. Sinha, Paleomagnetism and geochronology of mafic dykes from
the Southern Granulite Terrane, India: expanding the Dharwar craton southward, Tectonophysics, in
press.
J. Meert, M. Pandit, & V. Pradhan, 2011. Preliminary report on the paleomagnetism of 1.88 Ga dykes
from the Bastar and Dharwar cratons, Peninsular India, Gondwana Research, http://dx.doi.org/
10.1016/j.gr.2011.03.005
M. Belica, E. Piispa, J. Meert, L. Pesonen, J. Plado, M. Pandit, G. Kamenov, & M. Celestino, 2014.
Paleoproterozoic mafic dykes swarms from the Dharwar craton; paleomagnetic poles for India from 2.37
to 1.88 Ga and rethinking the Columbia supercontinent, Precambrian Research, 244, 100-122.
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Origin of Hotspot Swells Constrained by Seismology and Satellite
Geodesy
Sasha Minakov
CEED Oslo

A model that involves ponding and lateral spreading of hot thermal plumes in the mantle
asthenospheric channel was first employed by Morgan (1968) to explain the ocean topography
away from the Reunion hotspot. A number of mechanisms controlling the plume-lithosphere
interaction has later been suggested to explain the geometry of hotspot swells and distribution
of surface volcanism: gravity flow and upside down drainage of plume material (Sleep 1997),
shear-driven upwelling (Ballmer et al. 2013), viscous fingering due to Saffman-Taylor
instability (Shoonman et al. 2017), and the horizontal transport in solitary waves (Rudge et al.
2008). A large number of models exists due to a lack of constraints on the long-term
rheological behaviour of the lithosphere-asthenosphere system. In addition, recent studies
emphasized the role of compositional buoyancy on the plume dynamics. Thermochemical
plume heads may potentially acquire a neutral or even negative buoyancy with respect to the
upper mantle rocks due to a combined effect of cooling and compositional heterogeneity
(Dannberg & Sobolev 2015).
High-resolution seismic tomography and satellite geodesy data provide important constraints
on the physical properties of the lithosphere-asthenosphere system, and, thus, can be used to
test the existing hypotheses. Three Cenozoic hotspot regions, characterized by visible mantle
upwelling in thermal plumes, have been selected in this study: the North Atlantic region
(Iceland Plume), western North America (Yellowstone Plume), and the western Indian Ocean
(Reunion Plume). The results of the GOCE satellite mission provides a uniform spatial
coverage of the globe including the study regions with the full gravity gradient tensor data.
Moreover, the GOCE gravity data fill the existed resolution gap at the wavelengths of
200-1000 km which is crucial for density modeling of the lithosphere and asthenosphere.
Preliminary spectral analysis of the satellite gravity data above the selected hotspot swells
suggests that the negatively buoyant plume heads in the upper mantle can be ruled out. The
modelled elevated surface topography above a hot low-density asthenospheric channel is in a
good agreement with the observed long-wavelength topography, gravity anomalies, surface
heat flow and GPS velocities. The self-consistent computation of phase equilibria and physical
properties, indicate that adiabatic isotropic shear wave speeds are in general agreement with
the results of seismic tomography. At the same, the theoretical predictions using realistic
geotherms and pyrolitic composition can account only for ~50% of the actual velocity
variation. The remaining part is probably related to strong compositional variations,
thermally-activated anelastic deformation mechanisms and/or partial melting. In addition, a
detailed history of the absolute plate motion needs to be included to account for the heat
advection with the lithosphere.
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Vote maps of the mantle – linking seismology, tectonics and
geodynamics.
Grace E. Shephard1, Kara Matthews2, Kasra Hosseini2, Mathew Domeier1
1

CEED Oslo

2

University of Oxford

The broad geoscience community is increasingly utilizing seismic tomography to interpret
mantle heterogeneity and its links to past tectonic and geodynamic processes. Although there
exists an increasing number of individual tomography models that can be utilized for these
ends, these models vary in their construction and resolving power. To assess the robustness and
distribution of fast seismic anomalies (slabs), or slow anomalies (plumes), we create a set of vote
maps for the lower mantle with 14 global P-wave or S-wavespeed tomography models. When
combining the 14 models (or 7 S-wave and and 7 P-wave models separately), the most robust
slabs, or plumes, are identified by an increasing vote count (i.e. 14 out of 14 models agree at
that depth/location). We find an overall peak in the most robust slab anomalies for both Pwaves and S-waves between 1000-1400 km and a decline to a minimum around 2000 km. This
may match independent trends from subduction proxies with globally averaged mantle-sinking
rates or may also reflect a mid lower mantle viscosity increase, possibly related to the iron spin
transition. For the slow anomalies, or plumes, there is an increased discrepancy between the Pand S-waves below 1600 km; the S-waves predict a marked increase to the CMB whereas the
P-waves have a supressed increase with depth (including a minimum at 2100 km).

Iron Partitioning in Lower Mantle Minerals and the Consequences for
the Magma Ocean
James Braithwaite1, Lars Stixrude2, Eero Holmström3, Carlos Pinilla4
1 University

College London, j.braithwaite@ucl.ac.uk

2 University

College London, l.stixrude@ucl.ac.uk

3

Aalto University, eero.holmstrom@aalto.ﬁ

4

Universidad del Norte, ccpinilla@uninorte.edu.co

The relative buoyancy of crystals and liquid is likely to exert a strong influence on the thermal
and chemical evolution of the magma ocean. Theory indicates that liquids approach, but do
not exceed the density of iso-chemical crystals in the deep mantle. The partitioning of heavy
elements, such as Fe, is therefore likely to control whether crystals sink or float. While some
experimental results exist, our knowledge of silicate liquid-crystal element partitioning is still
limited in the deep mantle. We have developed a method for computing the Mg-Fe
partitioning in such systems. We focused initially on the (Mg,Fe)O. As a relatively simple
system, the buoyancy effects of Fe partitioning are likely to be large. The method is based on
molecular dynamics driven by density functional theory (spin polarized, PBEsol+U). We
compute the free energy of Mg for Fe substitution in simulations of liquid and B1 crystalline
phases via adiabatic switching. With the method tested fully on ferropericlase we then moved
to the silicate perovskite system, (Mg,Fe)SiO3. We investigate the dependence of partitioning
on pressure, temperature, and iron concentration. In the case of ferropericlase we find that the
liquid becomes more dense than the crystal when the pressure increases beyond 40 GPa. We
also find that the high-spin to low-spin transition in the crystal and the liquid, have an
important influence on partitioning behavior.
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Origin and structure of Hadean He and Ne isotopic reservoirs in the
Earth
R.G. Trønnes, C.E. Mohn, K.R. Eigenmann
1 Centre

for Earth Evolution and Dynamics, University of Oslo, Norway

2 Natural

History Museum, University of Oslo, Norway

The He and Ne isotopic compositions of primitive basalts erupted at the surface expressions of large
deep-rooted plumes are characterised by low proportions of the radiogenic 4He and nucleogenic 21Ne and
22Ne isotopes. The associated mantle sources must therefore have low (U+Th)/(He+Ne) time-integrated
ratios. Previously suggested candidate reservoirs include the outer core, unprocessed primordial lower
mantle and dense thermochemical piles, expressed as large low shear-velocity provinces (LLSVPs) in the
lowermost mantle.
We determined the diffusion rates of He and Ne in bridgmanite (bm, MgSiO3 composition) and periclase
by ab initio molecular dynamics simulation. The light noble gas diffusion is only marginally slower in bm
than in periclase. In bm-dominated materials in the middle of the lower mantle, at pressures of about 80
GPa, He and Ne would diffuse over length scales of 2-9 km on time scales of 50-300 My, 100-500 My and
1-3 Gy at temperatures of the peridotite liquidus, 100 K below the solidus and 100 K above the current
mantle adiabat, respectively. The depth of approximately 1900 km (80 GPa) is a neutral buoyancy level
for early bridgmanite grains crystallising in the magma ocean(s) of a nearly fully grown Earth (e.g.
Trønnes et al., Tectonoph., in rev.). Complete diffusional recharging of bm grains, 2 mm across, by He
and Ne from the magma ocean (MO) takes 2 and 8 min, respectively. Such diffusion rates might be
comparable to crystal growth rates.
Recent experimental evidence indicates that bm is the first liquidus phase in peridotitic magmas in the
30-140 GPa range. Transfer of silica to the MO and the early Hadean mantle, related to SiO2 exsolution
from the core and FeO dissolution into the core (Hirose et al. 2017, Nat.; Trønnes et al. Tectonoph., in
rev.), will further stabilise bm as the main liquidus and residual phase. Thermochemical instabilities of the
cumulate piles during and shortly after the MO solidification would result in convection and extensive
decompressional plume-related melting of the near-solidus mantle. The bm-dominated residues after
lower mantle melt extraction supplements the early bridgmanitic cumulates confined mainly to the
1500-2500 km depth range. Diffusional recharging of He and Ne into bridgmanitic residual domains of
up to about 10 km is feasible at the high mantle temperatures prevailing during the Hadean, when the He
and Ne compositions had high ratios of 3He/4He, 20Ne/21Ne and 20Ne/22Ne.
Viscous bridgmanitic residues and cumulates would be prone to convective aggregation into large blobs
and tubular bodies with diameters of 1000-5000 km (e.g. Becker et al. 1999, EPSL; Ballmer et al. 2017,
Nat. Geosci.). The convective degree-2 pattern of the Earth with rising flow above two antipodal LLSVPs
near the equator and descending flow in a longitudinal (circumpolar) belt, stabilised by Earth’s rotation,
may have persisted since early Hadean. High-viscosity material with neutral buoyancy in the lower
mantle (e.g. Mg-rich bm) will likely be swept into slowly rotating doughnut-shaped bodies between the
ascending flow above the LLSVPs and the descending longitudinal flow. We present a BEAMS pattern
(bm-enriched ancient mantle structure) which is modified from Ballmer et al. (2017, Nat. Geosci.) to be
consistent with seismic tomography anomalies interpreted as sinking slab material in the lower mantle (e.g.
van der Meer et al. 2010). The tubular diameters of 1500-2000 km of the BEAM doughnuts are far too
large for diffusional dilution of 3He and 20Ne in the Hadean refractory reservoirs by radiogenic 4He and
nucleogenic 21Ne and 22Ne at realistic mantle temperatures during the last 3-4 Gy. Large mantle plumes
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rising mainly from the LLSVP-margins above the core-mantle boundary, however, may erode and entrain
material with Hadean He and Ne isotopic composition from the inside margins of the BEAM doughnuts.
Such deep-rooted plumes with high potential temperature and buoyancy flux will undergo extensive
partial melting in the upper mantle. The refractory bridgmanitic material converted to pyroxenite in the
upper mantle is also less refractory.
Our model explains the positive correlation between indicies of time-integrated melt depletion (high
MgO, Mg/Fe, 143Nd/144Nd, low 87Sr/86Sr and 187Os/188Os) and the 3He/4He ratios in many plumederived basaltic rock suites. The correlation of positive μ(182W) and μ(142Nd) anomalies (10-50 and 1-10,
respectively) in primitive basaltic rocks from the Ontong Java plateau and Baffin Island, reported by Rizo
et al. (2016, Sci.), can also be explained by highly refractory bm domains that survived as solids in the
middle of the lower mantle during the last MO event after the Earth-Theia collision. The Baffin Island
and West Greenland picrites and primitive olivine tholeiites, formed by melting of the Iceland plume
head, have the highest recorded 3He/4He ratios, up to 50 times atmospheric. A less pronounced negative
correlation between negative μ182W values (0 to -15) and the 3He/4He ratios in recent basalts from
Iceland, Hawaii and Samoa (Mundl et al. 2017, Sci.) might result from contamination by core-derived W
in the root zones of these presently active and vigorous plumes.

Inspired by an original cartoon from the New Yorker.
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The Canary Islands (Fig. 1) are “ocean islands”, which represent volcanism on
ocean floor away from plate boundaries. The best known example is Hawaii.
The Canary Islands consist of seven major islands. Tenerife is the largest, and
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Stop 1. The Dorsal Ridge
We start by driving southwest
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Massif to the Cañadas Edifice (Fig. 3).
Our first stop is at a view point along the Dorsal Ridge

Stop 1 The Dorsal Ridge
We start by driving southwest along the Dorsal ridge that links the Anaga Massif to the
Cañadas Edifice (Fig. 3).
Our first stop is at a view point along the Dorsal Ridge (Stop 1; Fig. 4) where we see the
Cañadas Edifice, the rim of the Cañadas Caldera and the peak of Pico del Teide from a
distance. The summit of Teide is at 3717 meters above sea level. If we add about 4000
meters from sea level to the seafloor outside of the Canary Islands, we get a volcano that is
rated as the world’s third largest, ranking after two in the Island of Hawaii! Furthermore, if
we continue the inclination of the outer flanks of the volcano to an imaginary, pre-historic
summit (Fig. 4) we see that before the formation of the caldera the Cañadas volcano must
have been significantly taller than it is today. Notice also lavas running down the flanks of 3
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Fig. 4. Pico del Teide seen from Stop 1, the youngest cone in the central volc
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Fig. 4. Pico del Teide seen from Stop 1, the youngest cone in the central volcano.
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Stop 3 Las Cañadas Caldera and Montaña Blanca
We are now inside the Las Cañadas Caldera (elevation ca. 2300 m). The caldera measures
17 km in its longest direction and is one of the world’s largest calderas (Fig. 5)! In the caldera
wall we see numerous lava flows that make up the youngest (outermost) part of the Las
Cañadas Edifice.
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extrusions of pinkish silicic
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somewhat younger black
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Fig. 9. Inside the Teno Massif.
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Fig. 10. Los Gigantes. Numerous lava flows cut by feeder dykes.
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Additional information The Guanches

The existence of the Canary Islands was possibly known in ancient times. Plato spoke of
Atlantis, a continent that had sunk beneath the ocean floor in a great cataclysm that left only
the peaks of its highest mountains above the water. The islands gained an almost mythic
reputation, passed down from one classical writer to the next, as a Garden of Eden. The
information:
Guanches
name "Canarias" was mentioned by Plutarque and Plinius theAdditional
Elder in
year 77theAD.
Around
120 AD, Marinus of Tyre wrote that the habitable world was The
bounded
on
the
west
by
“the
existence of the Canary Islands was
possibly known in ancie
of Atlantis,established
a continent that “the
had sunk beneath the ocean f
Fortunate Islands”. Claudius Ptolemy (AD 90 - 168), followingspoke
Marinus,
cataclysm that left only the peaks of its highest mountains above
Fortunate Islands” as the western edge of the known world inislands
his Geographia.
This reputation,
was the passed down from
gained an almost mythic
writer
to
the
next,
as
a
Garden
of
Eden.
The name "Canarias" was
most famous classical map of the world, unsurpassed for almost 1500 years.

Plutarque and Plinius the Elder in year 77 AD. Around 120 A
Tyre wrote that the habitable world was bounded on the west by
Carbon dating has placed the earliest settlement in the Canary
Islands
at around
200
Islands”.
Claudius
Ptolemy (AD
90 - BC,
168), following Marinus, e
Fortunate
Islands”
as the western
edge of the known world in h
although earlier settlement is possible. The Canary Islands were
then
forgotten
by
the
This was the most famous classical map of the world, unsurpas
Europeans until the 13th century, when they were “rediscovered”
by European navigators.
1500 years.
Carbon dating has placed the earliest settlement in the Ca
200 BC,
earlier settlement is possible.
In 1402, Jean de Béthencourt, from Normandy, occupied thearound
islands
of although
Lanzarote,
The Canary Islands were then forgotten by the Europeans
Fuerteventura, Gomera and Hierro, on behalf of King Henricentury,
III Spain
but
Tenerife,
Laby European navigators.
when they
were
“rediscovered”
In 1402, Jean de Béthencourt, from Normandy, occupied the
Palma and Gran Canaria resisted occupation. Grand CanariaLanzarote,
was then
conquered and the
Fuerteventura, Gomera and Hierro, on behalf of King H
but Tenerife, La Palma and Gran Canaria resisted occupation. Gra
population christianed. On the 31st of May 1494 the
was then conquered and the population christianed. On the 31st of

Spaniards walked blindly into a ravine in the Anaga Mssif
and there they met disaster. Guanches attacked them from
the slopes. Using stones and spears against the Spanish
blunderbusses and canons, and they fought naked while
the conquerors wore armour and shields. In spite of their
overwhelming advantage, the Spaniards suffered a terrible
defeat. Four out of five Spanish soldiers were killed.

Spaniards walked blindly into a ravine in the Anaga Mssif and
disaster. Guanches attacked them from the slopes. Using ston
After a totally failed attempt to conquer Tenerife Spanish troops
came
backblunderbusses
in 1495.and
Atcanons,
that and they fought n
against
the Spanish
wore armourof
andLa
shields.
In spite of their overwhelm
time they met the Guanches on open fields at the place whereconquerors
the University
Laguna
the Spaniards suffered a terrible defeat. Four out of five Spanish
now stands. A terrible battle took place and the Guanches were
decimated. After a kind of
killed.
After a totally
failed attempt towere
conquer Tenerife Spanis
plague that was fatal to the Guanches, but did not affect the Spaniards,
the Guanches
back in 1495. At that time they met the Guanches on open field
completelt sudued.
where the University of La Laguna now stands. A terrible battle
the Guanches were decimated. After a kind of plague that wa
Guanches,
but did not
affect the Spaniards,
The Spaniards described the locals on Tenerife, the Guanches,
as a "highly
beautiful
white the Guanches w
sudued.

race, tall, muscular, and with a great many blondes amongst their numbers". Guanche was
the name by which the natives of Tenerife called themselves. Guan Chenech meant "Man
from Chenech", or “Man from Tenerife”. With the passage of time, the term Guanche
became identified with all the native peoples of the Canaries. It would seem that the natives
of La Palma, seeing the snow-covered peak of Pico del Teide on the horizon, called that
island Ten-er-efez, "White Mountain" (from Ten, teno, dun, duna = mountain, and er-efez
= white). The Guanches relied on limited farming, herding, hunting and gathering, and the
majority of them lived in caves.
Suggestions for the origins of the Guanches have ranged from Celtic immigrants from
mainland Spain or Portugal, to Norse invaders, supplying a possible explanation for the
blonde hair and blue eyes. Berber immigrants from nearby Saharan Africa almost certainly
inhabited some of the eastern islands, and place names bear a striking resemblance to
Berber tribal languages. Occasionally blue eyes and fair hair crop up among the Berbers as
well. Thus the origin of the Guanches is thus still an open to question.
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