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The  southern  part  of  the  Baltic  Shield  hosts  a  series  of mafic  dykes  and  sills  of Mesoproterozoic  ages,
including  a ca.  1.53–1.46  Ga  sheet-like  gabbro-dolerite  sills  and  the  Salmi  plateau-basalts  from  the Lake
Ladoga  region.  Based  on  chiefly  geochemical  data,  the region  is  conventionally  interpreted  as  an  intracra-
tonic  Ladoga  rift  (graben).  We  question  the  validity  of  this  geodynamic  interpretation  by analyzing
regional  geophysical  data  (crustal  structure,  heat  flow,  Bouguer  gravity  anomalies,  magnetic  anomalies,
and mantle  Vs  velocities).  We  provide  a complete  list  of  tectonic,  magmatic,  and  geophysical  charac-
teristics  typical  of continental  rifts  in  general  and  demonstrate  that,  except  for  magmatic  and,  perhaps,
some  gravity  signature,  the  Lake  Ladoga  region  lacks  any  other  rift features.  We  also  compare  the  geo-
physical  data  from  the Lake Ladoga  region  with  similar  in  age Midcontinent  and  Valday  rifts,  and  provide
alternative  explanations  for Mesoproterozoic  geodynamic  evolution  of  the southern  Baltic  Shield.  We
propose  that  Mesoproterozoic  mafic  intrusions  in southern  Fennoscandia  may  be  associated  with  a com-
plex deformation  pattern  during  reconfiguration  of  (a part  of) Nuna  (Columbia)  supercontinent,  which
led to magma  intrusions  as  a  series  of mafic  dykes  along  lithosphere  weakness  zones  and  ponding  of

small  magma  pockets  within  the  cratonic  lithosphere.  Consequent  magma  cooling  and  its partial  tran-
sition  to  eclogite  facies  could  have  led to the formation  of a series  of basement  depressions,  similar  to
intracratonic  basins  of  North  America,  while  spatially  heterogeneous  thermo-chemical  subsidence,  with
phase transitions  locally  speeded  by  the  presence  of (subduction-related)  fluids,  could  have  produced  a
series  of faults  bounding  graben-like  structures.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Geodynamic interpretation and reconstruction of paleotectonic
nvironments is strongly non-unique. The existing models are
erived from regional geology, structural geology, and sedimen-
ology, combined with isotope geochronology and geochemistry,
hich provide insights into the interplay of surface and deep pro-

esses. For Precambrian regions, many tectonic settings are inferred
rom geochemical data alone. Such interpretations can be inaccu-
ate and inadequate because of (i) non-unique links of geochemical
ignatures to tectonic settings and (ii) distinctive composition
nd emplacement conditions for many Precambrian, particularly

rchean, rocks that differ from those in the Phanerozoic (Hamilton,
007).
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As a result, despite impressive progress in our understanding
of Precambrian geology and geodynamics, there is a significant
divergence in the interpretations, concepts, and understanding of
many processes, especially on a regional scale. In this study we
focus on the so-called Ladoga Rift (e.g. Bogdanova et al., 1996;
Velichkin et al., 2005; Nikishin et al., 2011) in the south-eastern
part of the Baltic shield (Fig. 1b), and present geophysical argu-
ments against such a geodynamic interpretation of this tectonic
structure.

The Ladoga Rift (or Graben, which includes the intracratonic
Ladoga riftogenic basin, Bogdanova et al., 1996) is located between
the largely Archean Karelian Province of the Baltic Shield to the
east and the Paleoproterozoic Sveco-Fennian Province to the west
(Bogdanova et al., 2008), all parts of the East European Craton
(Fig. 1a). Proterozoic basement outcrops in the northern part of the
Lake Ladoga region, while the southern part is covered by glacial

sediments, and their northern extent marks the border between the
Baltic Shield and the East European (Russian) Platform. Lake Ladoga
has a pronounced depression in bathymetry (100–200 m deep) in
the north (Fig. 2a). It its likely that the depth to the basement in

dx.doi.org/10.1016/j.precamres.2014.08.011
http://www.sciencedirect.com/science/journal/03019268
http://www.elsevier.com/locate/precamres
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Fig. 1. Simplified tectonic map: (a) of the Ladoga region (based on Gaal and Gorbatschev, 1987; Korsman et al., 1997; Koistinen et al., 2001; Slabunov et al., 2006); BLRZ –
t  crato
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he  Bothnia-Ladoga rift zone (after Velichkin et al., 2005); (b) of the East European
huchenko (1988); rapakivi granites and related rocks – after Elming et al. (2001
krainian shield, black box – region of study (shown in (a) and in the following figu

he northern and southern parts is similar, given that the transition
rom deep to shallow (<70 m)  water corresponds to the on-shore
oundary of the sedimentary cover, and the thickness of sediments

n Lake Ladoga is unknown.
No drilling has been done in Lake Ladoga; its geology (Fig. 2b) is
nferred from potential field data and geochemical and petrological
tudies of volcanic rocks in the chain of islands in the north-
rn part of the lake. The largest, Valaam island, is dominated by

Fig. 2. Bathymetry (a) and geo
odified after Amantov and Spiridonov (1989).
n; major rifts are based on Nikishin et al. (2011); greenstone belts – after Lobach-
 dotted line – outline of the craton boundaries; blue dotted line – outline of the

gabbro-dolerite sheet-like sills with the age of ca. 1.457 Ga (Rämö
et al., 2004). Other islands are genetically similar and are inter-
preted as fragments of a ca. 200 m thick sheet-like intrusive body.
Plateau-basalts (1.477 Ga, Kuptsova et al., 2011) totaling more
than 100 m in thickness are exposed along the northern rim of

the basin, while the Salmi basalts at the NE margin of the Lake
Ladoga have Sm–Nd age of 1.499 Ga (Amelin et al., 1997; Golubev
et al., 2003).

logy (b) of Lake Ladoga
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This geochemical data forms the primary basis for interpreting
he tectonic origin of the basin as an intracratonic paleorift (e.g.
ogdanova et al., 1996; Amelin et al., 1997; Velichkin et al., 2005).
e next discuss typical characteristics of continental rifts and

xamine whether geophysical observations from the Lake Ladoga
egion support its geodynamic interpretation in terms of intracra-
onic rifting.

. What defines an intracontinental rift?

Classical definitions of a continental rift are based on a set of
ectonic, magmatic, and geophysical features. We  first list these
eneral characteristics with some comments on their worldwide
bservations and then discuss them in relation to the Lake Ladoga
egion (Table 1).

1) Based on surface observations, rifts may  have different mor-
phology and dimensions, but are usually defined as (Olsen,
1995):
• T1: elongated narrow extensional features
• T2: with a central depression (graben) and shoulder uplifts;
• T3: commonly bordered on one or both sides by normal fault

systems as reported for tectonically active rifts (Ebinger et al.,
1999). However, this feature may  not be preserved in tecton-
ically “dead” Proterozoic rifts;

• T4: with lithosphere extension expected in continental rift
zones. However, its extent may  vary significantly depending
on tectonic forces and lithosphere rheology (Buck, 1991). In
case of “passive rifting” lithosphere extension caused by far-
field lithospheric stresses is the primary cause of rifting, while
during “active rifting” triggered by mantle convective insta-
bilities lithosphere extension is a secondary process caused
by local surface uplift and crustal doming (Sengör and Burke,
1978; Bott, 1995).

2) Regarding magmatism, continental rifts typically have:
• M1:  some magmatic activity, particularly at the early stages

of rifting (White and McKenzie, 1989). However, the amount
of magmas may  vary significantly and is essentially con-
trolled by lithosphere rheology, extensional tectonic forces,
and magma  influx (e.g. Buck, 2004; Kendall et al., 2005; Bialas
et al., 2010);

• M2:  alkali basalts and bimodal volcanism as common prod-
ucts (McKenzie and Bickle, 1988; Farmer, 2005);

• M3:  magmatic underplating at around the Moho as observed
in many continental rifts (Thybo and Nielsen, 2009; Thybo
and Artemieva, 2013).

3) Conventional geophysical models predict:
• G1: Moho shallowing due to extension and crustal thin-

ning (Wernicke, 1985). However, recent seismic studies
from Cenozoic (Thybo and Nielsen, 2009) and Paleozoic rifts
(Lyngsie et al., 2007) have demonstrated that magmatic
underplating may  result in a flat Moho beneath many (if not
most) continental rifts;

• G2: in tectonically active rifts, low seismic velocities in
the upper mantle caused by high mantle temperatures and
a likely presence of partial melts; recent studies demon-
strate that absolute seismic velocities may, however, still be
high (Achauer and Masson, 2002), G3: in paleorifts, basalt-
eclogite phase transition would increase seismic velocities in
the subMoho mantle (Ringwood and Green, 1966), however
such eclogitized material will be seismically indistinguish-

able from the upper mantle; in particular the pattern is not
observed in the Midcontinent rift of North America (Shen
et al., 2013), G4: in tectonically active rifts, high mantle tem-
peratures and the presence of partial melts should lead to low
an Research 259 (2015) 34–42

mantle density and produce negative Bouguer gravity anoma-
lies (Artemjev and Artyushkov, 1971), G5: in case of paleorifts,
basalt-eclogite phase transition may, on the contrary, cause a
significant density increase in the upper mantle (Artyushkov
et al., 1990) with a characteristic gravity high such as in the
Midcontinent rift (King and Zietz, 1971); the transformation
rate can be significantly increased by an inflow of catalyz-
ing fluid (Ahrens and Schubert, 1975; Austrheim, 1987), G6:
high heat flow is expected in case of both active rifting (e.g.
caused by mantle convective instability) and passive rifting
(due to adiabatic melting associated with lithosphere exten-
sional thinning) (McKenzie and Bickle, 1988), but heat flow
anomaly should long have vanished in Precambrian pale-
orifts, G7: both lithosphere extension and mantle convective
instability are expected to produce a significant thinning of
the lithosphere (Artyushkov, 1981; Ruppel, 1995), however
thermal cooling, particularly in paleorifts, could have led to
lithosphere thickening by growth of the conductive bound-
ary layer, G8: Fe-rich basaltic intrusions may produce linear
magnetic anomalies along the rift valley because the igneous
rocks are often strongly magnetized (Ferré et al., 2014); such
anomaly is characteristic of the North American Midcontinent
rift (Hinze et al., 1992), similar linear patterns of magnetic
anomalies are typical for mid-ocean ridges.

3. Can the Lake Ladoga region be a rift?

We  now address rift characteristics as listed in the previous
section in relation to the Lake Ladoga region. The results are sum-
marized in Table 1.

3.1. Topographic expression

The Lake Ladoga region is located at the border between the,
largely sediment-free Baltic Shield and the East European (Rus-
sian) Platform (Fig. 3a). It is covered in its northern part by
0.5–3 km of sediments which fill-in the southern part of the lake
depression (Fig. 2a). The topography (including the basement
topography) does not show elongated narrow features, nor the
presence of a central graben bordered by shoulder uplifts. The
only pronounced topographic feature is a semi-circular, 100–200 m
deep, depression of Lake Ladoga (Fig. 4), ca. 150 km in diam-
eter, similar in shape to the Paleozoic intracratonic basins of
North America, but smaller both in size and depth. The origin
of the Hudson Bay, Michigan, Illinois and Williston basins has
been explained by a plume-lithosphere interaction, followed by
the emplacement of compositionally denser mantle into the cra-
tonic lithosphere and localized lithospheric thinning (Kaminski and
Jaupart, 2000). By similarity, the small size and depth of the Lake
Ladoga depression suggests a shallow, probably sub-Moho, local
thermo-compositional anomaly as its origin. A series of known
faults bounding graben-like structures could be a result of crustal
doming and extension during magma  ascent, followed by spa-
tially heterogeneous thermo-chemical subsidence, associated with
magma  cooling and possible metamorphic and phase transitions.

3.2. Magmatism

The Mesoproterozoic evolution of the southern Baltic Shield
is marked by alkaline magmatism in the form of plateau-lavas
(Salmi basalts), gabbro-dolerite sills (Valaam island in the northern
part of Lake Ladoga, Fig. 2a), and dykes (hyalobasalt and dolerite-

sortavalite) (Slabunov, 2013). Given that such magmatism is typical
of continental rift zones, its presence gave raise to tectonic inter-
pretations of the Lake Ladoga region as a Mesoproterozoic rift,
with NW-orientation, similar to the White Sea rift system (Fig. 1b).
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Table  1
Rift features in the Lake Ladoga region.

Feature Feature description (see Section 2 for
details)

Observations in the Lake Ladoga region (see Section 3 for
details)

Fig. Rift or not

T1 Linear surface expression Rounded basin, ca. 200 km × 160 km Fig. 2 No
T2  Horst-graben topography No shoulder uplift Fig. 4a No
T3  Normal border faults Insufficient data – ?
T4  Crustal extension No data – ?
M1  Early magmatism No data – ?
M2  Magma composition Plateau-basalts, gabbro-dolerite sills – Yes
M3  Magmatic underplating Not observed Fig. 3b No
G1  Crustal thinning No data for Lake Ladoga, but no thinning is observed

further north in the proposed Bothnian-Ladoga rift zone
(see Fig. 1a for location)

Fig. 3d No

G2  Low Vp, Vs in mantle as in active rifts If existed, should have disappeared over 1.5 Ga Fig. 6cd n/a
G3  High Vp, Vs in mantle

due to eclogitization
May not be observed (Fig. 5b) Fig. 6cd n/a

G4  Negative Bouguer anomaly Slightly positive (0 + 20 mGal) Fig. 4d No
G5  High density eclogitic mantle Contrast with the adjacent regions ca. +50 + 70 mGal Fig. 4d May  be
G6  High heat flow If existed, should have disappeared over 1.5 Ga. Heat flow

is  typical cratonic (20–35 mW/m2), even despite
U-deposits in the Salmi massif

Fig. 6a n/a

G7  Thin lithosphere If existed, should have disappeared over 1.5 Ga. Fig. 6b n/a
G8  Magnetic anomaly Not observed Fig. 4b No

Fig. 3. Thickness of sediments (a), seismic data coverage and upper mantle Pn velocity (b); average Vp in the crystalline basement (c), and the depth to Moho (d)
Based on Artemieva and Thybo (2013).
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ranite-greenstone belts (after Lobach-Zhuchenko, 1988).

owever, the presence of a large number of mafic dykes and sills
f different ages (1.7–1.6 Ga, 1.53–1.46 Ga, ca. 1.3 Ga) along the
innish Bay of the Baltic Sea and in the Sveco-Fennian province of
he Baltic Shield indicates a complex pattern of post-Sveco-Fennian
eformation in the region. Similar geochemical composition and
ges (1.53–1.46 Ga) of the Kopparnäs basaltic dyke swarm in south-
rn Finland and the Salmi basalts from the Lake Ladoga region
ave been interpreted recently as an indication of the presence of

 single, ca. 1000 km wide, magmatic system at the Mesoprotero-
oic time beneath the southern Sveco-Fennian Province (Luttinen
nd Kosunen, 2006). Geochemical modeling of southern Finland
asaltic dykes inferred a sublithospheric mantle source typical of
lumes (Luttinen and Kosunen, 2006).

.3. Crustal structure

Crustal structure of the region is known relatively well from a
arge number of seismic reflection/refraction profiles and recent
eceiver function seismic studies (Fig. 3b, Artemieva and Thybo,
013). The depth to Moho is around 42–47 km,  and no crustal thin-

ing is observed along the proposed Bothnian-Ladoga rift zone
Fig. 3d). In fact, the proposed NW rift extent toward the Cen-
ral Finland Province is marked by a well-established ca. 60 km
eep crustal root at the Archean-Proterozoic suture (Korja and
 on a 1 arc-min grid (b, based on Racey et al., 1982), free-air gravity anomalies (c,
008 assuming upper crustal density of 2.65 g/cc). GGB – Archean and Proterozoic

Heikkinen, 2005). However, as discussed in Section 2, the presence
or absence of crustal thinning should not be considered as a char-
acteristic feature of a continental rift. In case no crustal thinning is
observed, magma underplating is expected at Moho. In such a case,
the lower crust should have high seismic velocities (>7.2 km/s), as
observed in the Baikal rift zone (Thybo and Nielsen, 2009) and in
the Paleozoic Dnieper-Donetsk rift (Lyngsie et al., 2007). No such
high-velocity anomaly is evident beneath the Lake Ladoga region
from seismic data. Instead, the region ca. 100–200 km to the north
has an unusually low average Vp in the crystalline basement (ca.
6.5 km/s) (Fig. 3c), suggesting that the lower crust is significantly
thinned. Thus, the normal depth to Moho and the apparent absence
of the high-velocity lower-crustal underplate are both inconsistent
with a rift zone in the region.

3.4. Magnetic anomalies

The presence of a linear, alternating pattern of positive and neg-
ative magnetic anomalies is characteristic of a rift zone. While many
other geophysical features may  have vanished over 1.5 Ga, the

pattern of magnetic anomalies should have been preserved, unless
the region has been affected by a significant thermal process. For
example, the ca. 1.1 Ga North American Midcontinent rift is seen
only in gravity and magnetic anomalies (Hinze et al., 1992). In
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Fig. 5. Changes in lithosphere density (a) and Vp velocity (b) caused by injection of basaltic magmas and the consequent basalt → garnet granulite → eclogite phase transitions.
Density values are based on Ringwood and Green (1966) (dotted lines), Ito and Kennedy (1971) (dashed lines, at T = 1200 ◦C), and Austrheim (1987) (shaded areas – for granulite
and  eclogite facies anorthositic rocks, with maximum values of 3.5–3.6 g/cc for two  samples of mafic eclogites). Vp data are based on Ringwood and Green (1966) (dotted
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emains similar to the lower crustal values, while density increases. For eclogite fac
alues  and overlap with the mantle values.

ontrast, no linear magnetic anomalies are seen in the Lake Ladoga
egion (Fig. 4b), while they are present in the Valday rift of the
entral Russia Rift system. Thus, magnetic data also do not support
he rift origin of the Ladoga region magmatism.

.5. Gravity anomalies

Free-air gravity anomalies show that the Lake Ladoga region is
he only part of the southern Baltic Shield which is in near-isostatic
quilibrium (Fig. 3c), although regional variations are not very large
ca. +50/−50 mGal). Bouguer anomalies show a complicated pat-
ern of regional short-wavelength variations. It is outside the scope
f this paper to discuss the details of regional tectonic evolution,
ut we note that linear belts of positive (+20 + 45 mGal) anoma-

ies caused by high-density bodies at the crustal or subMoho depth
as suggested by their lateral dimensions) are associated with the
elomorian Province in the NE and the Riphean Valday rift in the
E. High-density anomalies associated with Proterozoic structures
ay  be attributed to the presence of eclogites, either associated
ith paleosubduction zones or with eclogitization of lower crustal

ranulites or basaltic intrusions (Austrheim, 1987), as supported by
he presence of eclogites along the White Sea margins (Fig. 1a).

Experimental studies of basalt → eclogite phase transition (Ito
nd Kennedy, 1971) indicate that phase transition to garnet gran-
lite increases density from ca. 2.8 g/cc to ca. 3.0–3.2 g/cc, while

 complete transformation of basalt to eclogite will increase den-
ity to ca. 3.5 g/cc, that is significantly higher than the density of
he upper mantle (Ringwood and Green, 1966; Austrheim, 1987)
Fig. 5a). The rate of such transformation, particularly at low tem-
eratures typical of cratonic lithosphere, is unknown, but it can
e significantly increased by the presence of fluids (Ahrens and
chubert, 1975). Even for a partial transformation, which is more
ikely to take part at lithospheric conditions, the resultant density
ncrease should be sufficient to be observed in the gravity field.
A small weakly-positive (ca. +5 + 15 mGal), but rounded in
hape, Bouguer anomaly is observed around Lake Ladoga, with
he maximum in its northern part (N Salmi massif) (Fig. 4d). Both
he shape and the magnitude of the anomaly do not suggest the
 and Vp velocity similar to the lower crustal rocks. For granulite facies, Vp velocity
oth density and Vp velocity are significantly higher than the corresponding crustal

presence of an elongated magmatic intrusion as expected for rift
zones. However, by comparison with negative background Bouguer
anomalies (ca. −20 to 50 mGal) typical of the adjacent granitic plu-
tons and granite-greenstone belts of the Central Karelia and the
Vodlozero subprovince (Fig. 1a), the Bouguer gravity anomalies in
the Lake Ladoga region are ca. 50–70 mGal higher and in the south
merge with positive anomalies that mark the edge of the Central
Russia rift system. Such interpretation suggests the existence of a
tectonic feature parallel to the White Sea rift and the Belomorian
Province, with an increased density approximately at Moho depth
as suggested by the size of the anomaly. However, the amplitude
of this anomaly is at least twice smaller than in the Midcontinent
Rift.

3.6. Mantle Vs anomalies, heat flow and lithosphere thickness

The presence of a high-density, presumably partially eclogitized
body in the upper mantle may  not be seen in seismic velocities
(Fig. 5b). Pn upper mantle velocity shows some velocity decrease
(ca. 8.0 km/s) in the Lake Ladoga region as compared to typical cra-
tonic Pn (8.2 km/s and higher), however the seismic data coverage is
insufficient for any conclusions (Fig. 3b). Note that the Riphean Val-
day Rift is marked by low Pn velocities (7.8–7.9 km/s), apparently
lower than below the Salmi Massif.

Seismic tomography (Fig. 6c and d) does not show any Vs
anomalies around Lake Ladoga, but shows a pronounced localized
high-velocity anomaly (+5 + 7%) centered around Lake Onega in the
Vodlozero subprovince (Fig. 1a). Note that this subprovince has
some of the oldest isotope ages reported so far for the Baltic Shield
(ca. 3.25 Ga), so that the velocity anomaly may reflect the presence
of a highly depleted lithospheric mantle, not affected by metaso-
matic reworking (Artemieva, 2009, 2011). However, the anomaly
may  also be, at least in part, caused by low mantle temperatures
as suggested by anomalously low heat flow (15–20 mW/m2, after

paleocorrections are introduced, Artemieva, 2006, 2007) (Fig. 6a).
The Lake Ladoga region is located at the edge of the high Vs anomaly
in the upper mantle and at the zone of high gradient in lithosphere
thickness (Fig. 6b). Since conductive cooling should have restored
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hickness (b) based on Artemieva, 2003), relative Vs anomalies (c and d) at 75 km a
he  reference model has Vs = 4.4077 km/s at 75 km and 4.4195 km/s at 125 km dept

ithosphere thickness since Proterozoic, the absence of lithosphere
hinning cannot attest to the absence of the Mesoproterozoic rifting
r plume–lithosphere interaction event.

. Alternative mechanisms

Our analysis demonstrates that, except for magmatism and,
ossibly, a weak gravity anomaly, rift characteristics are not
bserved in the Lake Ladoga region neither in topographic nor
n geophysical data (Table 1). This questions existing geody-
amic interpretations of its origin as an intracratonic Riphean
ift (e.g. Bogdanova et al., 1996; Amelin et al., 1997; Velichkin
t al., 2005), since the younger ∼1.1 Ga Midcontinent Rift in North
merica and the Riphean Central Russia Rift are well expressed

n geophysical (gravity, magnetic, and seismic) anomalies, while
lso lacking surface expressions (Stein et al., 2014; Artemieva,
003).

For most deep basins on continental crust, extension is insuffi-
ient to explain the subsidence by stretching (Artyushkov, 1987),

nd another mechanism is needed. Because of their similar shapes,
e propose that geodynamic origin of the Lake Ladoga depression

s similar to epicratonic basins of North America (Kaminski and
aupart, 2000) and is caused by an infiltration of hot mantle
s – sites of heat flow measurements with values in mW/m2), lithosphere thermal
5 km depth based on SL2013sv tomography model (Schaeffer and Lebedev, 2013);

material to shallow lithosphere. The shape of rising mantle bodies
and the depth of their ascent are controlled by lithosphere rheol-
ogy, viscosity contrast between the lithosphere and the basaltic
magmas, the influx of mantle material, and tectonic stresses
(Gerya and Burg, 2007; Bialas et al., 2010). In particular, tectonic
stresses caused by far-field stresses associated with collision of
lithospheric plates (Zoback, 1992) have long been proposed as a
cause of intracontinental rifting (Gordon and Hempton, 1986).

Mafic magmatism in southern Fennoscandia at ca. 1.53–1.46
may  be associated with reorganization of Nuna (Columbia) super-
continent (defined broadly as continent grouping) (Hoffman, 1997),
which might have caused a complex deformation pattern along
the cratonic margin. This pre-Rodinia supercontinent may  have
been assembled at ca. 2.1–1.8 Ga (Rogers and Santosh, 2002),
and has undergone a subduction-related growth at 1.8–1.3 Ga
by forming large magmatic accretionary belts along continen-
tal margins of North America, Greenland and Baltica (Karlstrom
et al., 2001). In Fennoscandia these include the Kola-Karelia orogen
(1.9–1.8 Ga), the Transscandinavian Igneous Belt (1.8–1.7 Ga), the

Kongsberggian–Gothian Belt (1.7–1.6 Ga), and the Granitoid Belt
(1.5–1.3 Ga) in Southwest Sweden (Zhao et al., 2004). Although a
broad range of ages (ca. 1.6–1.2 Ga) has been proposed for the break
up of Columbia (Zhao et al., 2004), these ages are also consistent
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ith the age of Mesoproterozoic mafic (and anorogenic) magma-
ism in southern Baltica (Vigneresse, 2005).

Magma  intrusion along the lithosphere weakness zones could
roduce a series of mafic dykes as observed in various parts of
he Sveco-Fennian province, while ponding of small magma  pock-
ts within the “intact” cratonic lithosphere could have led to the
ormation of a series of small-size intracratonic basins, such as
he Lake Ladoga basin, formed by magma  cooling and its partial
ransition to eclogites. The rate of the phase transition could have
een locally speeded by fluid injection (Austrheim, 1987), thus cre-
ting a strongly heterogeneous lithosphere structure with short
avelength, high-amplitude density anomalies. Due to a high
ensity contrast between eclogite and mantle peridotite, these
nomalies are well resolved in gravity field, but are not seen neither
n seismic velocities because of similar velocities in two types of
ocks, nor in thermal structure since the anomaly associated with
agmatism has relaxed and conductive cooling has restored the

ratonic lithosphere thickness.

. Conclusions

Mesoproterozoic mafic magmatism at the southern part of the
altic Shield (the Lake Ladoga region) is conventionally ascribed
o epicratonic rifting. Our analysis of characteristics of continental
ifts demonstrates that:

. the topography of the region lacks a linear horst-graben struc-
ture typical of modern rifts, however this feature might have
been lost by surface erosion;

. the crust has neither shallow Moho, nor magmatic high-velocity
underplated material, and thus is not typical of continental rifts;

. weakly negative Bouguer gravity anomalies, especially by com-
parison with adjacent “background” anomalies suggest the
presence of high-density material at shallow, near-Moho depths;
however, the shape of the anomaly is rounded rather than linear,
and may  not attest to the paleorifting event;

. seismic velocities in the upper mantle show a possible weak low-
Pn anomaly near Lake Ladoga, and strong positive (+5 + 7%) Vs
anomaly at 75–125 km depth to the NE of the lake, but not in the
region of Mesoproterozoic mafic magmatism;

. no thermal anomaly or lithosphere thickness anomaly is cur-
rently present in the lithosphere of the region, which instead
is marked by extremely low heat flow; however, given the age
of magmatism any thermal anomaly may  have long ceased and
thus its absence does not disprove rifting origin of magmatism;

. the absence of linear magnetic anomalies which are preserved
in other paleorifts provides strong evidence that this region has
not been affected by rifting.

We conclude that a mechanism other than rifting is respon-
ible for Mesoproterozoic mafic magmatism at the southern part
f the Baltic Shield and propose that magma  intrusion associated
ith deformation along the margins of Nuna (Columbia) supercon-

inent, and its transformation to eclogite facies, locally speeded by
uids, produced a highly heterogeneous density structure of the

ithosphere.

cknowledgements

The authors are grateful to Alexander Slabunov and other
rganizers of the Field Excursion to the Russian Karelia of the Inter-

ational Workshop “Rodinia-2013: Supercontinental cycles and
eodynamics”, Moscow, May  20–24, 2013, where the idea of this
aper was born. Editorial suggestions of the reviewers and the edi-
or, S. Pisarevsky, are gratefully acknowledged. IA acknowledges
an Research 259 (2015) 34–42 41

the financial support of FNU (Denmark), research grant DFF-1323-
00053.

References

Achauer, U., Masson, F., 2002. Seismic tomography of continental rifts revisited:
from relative to absolute heterogeneities. Tectonophysics 358, 17–37.

Ahrens, T.J., Schubert, G., 1975. Gabbro–eclogite reaction-rate and its geophysical
significance. Rev. Geophys. Space Phys. 13, 383–400.

Amantov, A.V., Spiridonov, M.A., 1989. Geology of the Ladoga lake. Soviet Geology
4,  83–86 (in Russian).

Amelin, Y.V., Larin, A.M., Tucker, R.D., 1997. Chronology of multiphase emplacement
of the Salmi rapakivi granite–anorthosite complex, Baltic Shield: implications
for  magmatic evolution. Contrib. Mineral. Petrol. 127 (4), 353–368.

Artemieva, I.M., Thybo, H., 2013. EUNAseis: a seismic model for Moho and crustal
structure in Europe, Greenland, and the North Atlantic region. Tectonophysics
609, 97–153 (dbase: www.lithosphere.info).

Artemieva, I.M., 2003. Lithospheric structure, composition, and thermal regime of
the  East European craton: implications for the subsidence of the Russian Plat-
form. Earth Planet. Sci. Lett. 213, 429–444.

Artemieva, I.M., 2006. Global 1◦ × ◦ thermal model TC1 for the continental litho-
sphere: implications for lithosphere secular evolution. Tectonophysics 416,
245–277 (dbase: www.lithosphere.info).

Artemieva, I.M., 2007. Dynamic topography of the East European Craton: shedding
light upon the lithospheric structure, composition and mantle dynamics. Glob.
Planet. Change 58, 411–434.

Artemieva, I.M., 2009. The continental lithosphere: reconciling thermal, seismic, and
petrologic data. Lithos 109, 23–46.

Artemieva, I.M., 2011. The Lithosphere: An Interdisciplinary Approach. Cambridge
University Press, pp. 794 pp.

Artemjev, M.E., Artyushkov, E.V., 1971. Structure and isostasy of the Baikal rift and
mechanism of rifting. J. Geophys. Res. 76 (5), 1197–1211.

Artyushkov, E.V., Letnikov, F., Ruzhich, V., 1990. The mechanisms of formation of the
Baikal basin. J. Geodynam. 11, 277–291.

Artyushkov, E.V., 1981. Mechanisms of continental riftogenesis. Tectonophysics 73,
9–14.

Artyushkov, E.V., 1987. Rifts and grabens. Tectonophysics 133, 321–331.
Austrheim, H., 1987. Eclogitization of lower crustal granulites by fluid migration

through shear zones. Earth Planet. Sci. Lett. 81, 221–232.
Bialas, R.W., Buck, W.R., Qin, R., 2010. How much magma is required to rift a conti-

nent? Earth Planet. Sci. Lett. 292, 68–78.
Bogdanova, S.V., Bingen, B., Gorbatschev, R., Kheraskova, T.N., Kozlov, V.I., Puchkov,

V.N.,  Volozh, Y.A., 2008. The East European Craton (Baltica) before and during
the assembly of Rodinia. Precambrian Res. 160, 23–45.

Bogdanova, S.V., Pashkevich, I.K., Gorbatschev, R., Orlyuk, M.I., 1996. Riphean rifting
and  major Palaeoproterozoic crustal boundaries in the basement of the East
European Craton: geology and geophysics. Tectonophysics 268, 1–21.

Bott, M.H.P., 1995. Mechanisms of rifting: geodynamic modeling of continental rift
systems. In: Olsen, K.H. (Ed.), Continental Rifts: Evolution, Structure, Tectonics.
Dev. Geotecton., vol. 25. Elsevier, Amsterdam, pp. 27–46.

Buck, W.R., 1991. Modes of continental lithospheric extension. J. Geophys. Res. 96
(12), 20161–20178.

Buck, W.R., 2004. Consequences of asthenospheric variability on continental rifting.
In:  Karner, G.D., Taylor, B., Driscoll, N.W., Kohlstedt, D.L. (Eds.), Rheology and
Deformation of the Lithosphere at Continental Margins. Columbia University
Press, New York, pp. 1–31.

Christensen, N.I., Mooney, W.D., 1995. Seismic velocity structure and com-
position of the continental crust: a global view. J. Geophys. Res. 100,
9761–9788.

Ebinger, C.J., Jackson, J.A., Foster, A.N., Hayward, N.J., 1999. Extensional basin geom-
etry and the elastic lithosphere. Phil. Trans. R. Soc. 357 (1753), 741–765.

Elming, S.A., Mikhailova, N.P., Kravchenko, S., 2001. Palaeomagnetism of Proterozoic
rocks from the Ukrainian Shield: new tectonic reconstructions of the Ukrainian
and  Fennoscandian shields. Tectonophysics 339, 19–38.

ETOPO1, 2001. NOAA National Geophysical Data Center, 2001. 1 Minute Gridded
Global Relief Data. NGDC, Boulder, Colorado www.ngdc.noaa.gov/mgg/

Farmer, G.L., 2005. Continental Basaltic Rocks. In: Rudnick, R.L. (Ed.), Treatise on
Geochemistry: The Crust. Elsevier.

Ferré, E.C., Martín-Hernández, F., Purucker, M.,  Clark, D.A. (Eds.), 2014. Crustal and
mantle sources of magnetic anomalies. Tectonophysics, 624–625, pp. 1–100.

Gerya, T.V., Burg, J.P., 2007. Intrusion of ultramafic magmatic bodies into the
continental crust: numerical simulation. Phys. Earth Planet. Interiors 160,
124–142.

Golubev, A.I., Bogdanov, Y.B., Savvatenkov, V.V., et al., 2003. Isotopic age of volcanics
from the Riphean Salmi suite. In: Proc. 2nd Russ. Conf. on Isotope Geochronology,
St.  Petersburg, pp. 71–72.

Gordon, M.B., Hempton, M.R., 1986. Collision-induced rifting: the Grenville Orogeny
and the Keweenawan Rift of North America. Tectonophysics 127 (1–2), 1–25,
http://dx.doi.org/10.1016/0040-1951(86)90076-4.

Gaal, R., Gorbatschev, R., 1987. An outline of the Precambrian evolution of the Baltic

shield. Precambrian Res. 35, 15–52.

Hamilton, W.B., 2007. Earth’s first two billion years – the era of internally
mobile crust. In: Hatcher, R.D., Carlson, M.P., McBride, J.H., et al. (Eds.), 4-D
Framework of Continental Crust. Geological Society of America Memoirs, 200,
pp. 233–296.

http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0005
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0005
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0005
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0005
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0005
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0005
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0005
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0005
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0005
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0005
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0005
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0005
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0005
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0005
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0005
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0005
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0010
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0010
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0010
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0010
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0010
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0010
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0010
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0010
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0010
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0010
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0010
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0010
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0010
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0010
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0010
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0010
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0020
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0020
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0020
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0020
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0020
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0020
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0020
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0020
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0020
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0020
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0020
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0020
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0020
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0025
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0025
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0025
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0025
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0025
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0025
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0025
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0025
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0025
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0025
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0025
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0025
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0025
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0025
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0025
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0025
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0025
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0025
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0025
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0025
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0025
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0025
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0025
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0025
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0025
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0025
http://www.lithosphere.info/
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0035
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0035
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0035
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0035
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0035
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0035
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0035
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0035
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0035
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0035
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0035
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0035
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0035
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0035
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0035
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0035
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0035
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0035
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0035
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0035
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0035
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0035
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0035
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0035
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0035
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0035
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0035
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0035
http://www.lithosphere.info/
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0045
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0045
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0045
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0045
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0045
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0045
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0045
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0045
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0045
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0045
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0045
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0045
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0045
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0045
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0045
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0045
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0045
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0045
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0045
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0045
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0045
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0045
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0045
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0045
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0050
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0050
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0050
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0050
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0050
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0050
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0050
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0050
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0050
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0050
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0050
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0050
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0050
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0050
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0055
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0055
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0055
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0055
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0055
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0055
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0055
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0055
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0055
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0055
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0055
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0060
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0060
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0060
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0060
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0060
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0060
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0060
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0060
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0060
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0060
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0060
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0060
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0060
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0060
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0060
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0060
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0060
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0060
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0060
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0065
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0065
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0065
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0065
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0065
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0065
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0065
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0065
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0065
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0065
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0065
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0065
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0065
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0065
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0070
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0070
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0070
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0070
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0070
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0070
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0070
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0070
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0070
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0075
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0075
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0075
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0075
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0075
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0075
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0075
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0075
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0080
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0080
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0080
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0080
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0080
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0080
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0080
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0080
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0080
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0080
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0080
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0080
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0080
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0080
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0080
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0080
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0080
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0080
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0080
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0085
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0085
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0085
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0085
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0085
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0085
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0085
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0085
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0085
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0085
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0085
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0085
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0085
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0085
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0085
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0085
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0085
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0085
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0090
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0090
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0090
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0090
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0090
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0090
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0090
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0090
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0090
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0090
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0090
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0090
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0090
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0090
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0090
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0090
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0090
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0090
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0095
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0095
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0095
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0095
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0095
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0095
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0095
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0095
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0095
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0095
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0095
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0095
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0095
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0095
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0095
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0095
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0095
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0095
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0095
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0095
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0095
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0095
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0095
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0100
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0100
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0100
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0100
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0100
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0100
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0100
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0100
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0100
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0100
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0100
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0100
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0100
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0100
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0100
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0100
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0100
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0100
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0100
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0100
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0100
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0100
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0100
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0100
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0100
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0100
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0100
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0100
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0105
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0105
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0105
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0105
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0105
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0105
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0105
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0105
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0105
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0105
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0105
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0105
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0105
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0110
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0110
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0110
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0110
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0110
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0110
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0110
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0110
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0110
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0110
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0110
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0110
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0110
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0110
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0110
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0110
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0110
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0110
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0110
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0110
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0110
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0110
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0110
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0110
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0110
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0110
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0110
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0110
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0110
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0110
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0110
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0110
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0110
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0110
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0110
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0115
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0115
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0115
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0115
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0115
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0115
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0115
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0115
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0115
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0115
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0115
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0115
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0115
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0115
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0115
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0115
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0115
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0115
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0115
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0115
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0120
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0120
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0120
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0120
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0120
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0120
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0120
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0120
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0120
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0120
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0120
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0120
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0120
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0120
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0120
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0120
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0120
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0125
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0125
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0125
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0125
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0125
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0125
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0125
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0125
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0125
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0125
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0125
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0125
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0125
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0125
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0125
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0125
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0125
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0125
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0125
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0125
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0125
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0125
http://www.ngdc.noaa.gov/mgg/
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0135
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0135
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0135
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0135
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0135
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0135
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0135
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0135
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0135
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0135
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0135
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0135
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0135
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0140
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0140
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0140
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0140
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0140
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0140
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0140
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0140
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0140
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0140
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0140
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0140
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0140
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0140
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0140
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0145
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0145
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0145
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0145
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0145
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0145
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0145
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0145
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0145
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0145
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0145
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0145
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0145
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0145
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0145
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0145
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0145
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0145
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0145
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0150
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0150
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0150
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0150
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0150
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0150
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0150
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0150
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0150
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0150
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0150
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0150
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0150
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0150
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0150
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0150
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0150
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0150
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0150
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0150
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0150
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0150
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0150
dx.doi.org/10.1016/0040-1951(86)90076-4
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0160
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0160
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0160
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0160
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0160
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0160
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0160
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0160
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0160
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0160
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0160
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0160
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0160
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0160
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0160
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0160
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0165
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0165
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0165
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0165
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0165
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0165
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0165
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0165
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0165
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0165
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0165
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0165
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0165
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0165
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0165
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0165
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0165
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0165
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0165
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0165
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0165
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0165
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0165
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0165
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0165
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0165
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0165
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0165
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0165
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0165
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0165
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0165
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0165
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0165
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0165
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0165
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0165


4 ambri

H

H

I

I

K

K

K

K

K

K

K

K

L

L

L

M

N

O
P

2 I.M. Artemieva, A. Shulgin / Prec

inze, W.J., Allen, D.J., Fox, A.J., Sunwood, D., Woelk, T., Green, A., 1992.
Geophysical investigations and crustal structure of the North American Mid-
continent Rift system. Tectonophysics 213 (1–2), 17–32, http://dx.doi.org/10.
1016/0040-1951(92)90248-5.

offman, P.F., 1997. Tectonic genealogy of North America. In: van der Pluijm, B.A.,
Marshak, S. (Eds.), Earth Structure: An Introduction to Structural Geology and
Tectonics. McGraw-Hill, New York, pp. 459–464.

HFC-2011, 2011. The global heat flow database of the International Heat Flow Com-
mission. www.heatflow.und.edu/index2.html

to, K., Kennedy, G.C., 1971. An Experimental Study of the Basalt-Garnet Granulite-
Eclogite Transition. AGU. Geophys. Monogr. Ser. 14, 303–314.

aminski, E., Jaupart, C., 2000. Lithosphere structure beneath the Phanerozoic
intracratonic basins of North America. Earth Planet. Sci. Lett. 178, 139–149.

arlstrom, K.E., Harlan, S.S., Ahall, K.I., Williams, M.L., McLelland, J., Geissman,
J.W., 2001. Long-lived (1.8–1.0 Ga) convergent orogen in southern Laurentia,
its  extensions to Australia and Baltica, and implications for refining Rodinia.
Precambrian Res. 111, 5–30.

endall, J.M., Stuart, G.W., Ebinger, C.J., Bastow, I.D., Keir, D., 2005. Magma-assisted
rifting in Ethiopia. Nature 433, 146–148.

ing, E.R., Zietz, I., 1971. Aeromagnetic study of the midcontinent gravity high of
central United States. Geol. Soc. Am.  Bull. 82 (8), 2187–2208.

oistinen, T., Stephens, M.B., Bogatchev, V., et al. (Comp.), 2001. Geological map
of  the Fennoscandian shield, scale 1:2 M.  Espoo, Trondheim, Uppsala, Moscow,
Geol. Survey of Finland, Geol. Survey of Norway, Geol. Survey of Sweden, Min-
istry of Nat. Res. Russia.

orja, A., Heikkinen, P., 2005. The accretionary Svecofennian orogen—insight from
the  BABEL profiles. Precambrian Res. 136, 241–268.

orsman, K., Koistinen, T., Kohonen, J., et al. (Eds.), 1997. Suomen kallioperakartta –
Bedrock map  of Finland, scale 1:1 M.  Espoo, Geol. Survey of Finland.

uptsova, A.V., Khudolei, A.K., Davies, W.,  et al., 2011. The age and source areas of
sandstones of the Riphean Priozersk and Salmi suites at the eastern flank of the
Pasha-Ladoga basin. Stratigr. Geol. Correlat. 19, 3–19 (in Russian).

obach-Zhuchenko, S.B. (Ed.), 1988. Greenstone Belts in the Basement of the East
European Platform. Leningrad, Nauka, p. 212 (in Russian).

uttinen, A.V., Kosunen, P.J., 2006. The Kopparnäs dyke swarm in Inkoo, southern
Finland: new evidence for Jotnian magmatism in the SE Fennoscandian Shield.
In:  Hanski, et al. (Eds.), Dyke Swarms – Time Markers of Crustal Evolution. Taylor
&  Francis, London, pp. 85–97, ISBN: 0-415-39899.

yngsie, S.B., Thybo, H., Lang, R., 2007. Rifting and lower crustal reflectivity: a case
study of the intracratonic Dniepr-Donets rift zone, Ukraine. J. Geophys. Res. 112,
B12402, http://dx.doi.org/10.1029/2006 JB004795.

cKenzie, D., Bickle, M., 1988. The volume and composition of melt generated by
extension of the lithosphere. J. Petrol. 29, 625–679.

ikishin, A.M., Ziegler, P., Bolotov, S., Fokin, P., 2011. Late Palaeozoic to Cenozoic evo-
lution of the Black Sea-Southern Eastern Europe Region: a view from the Russian

Platform. Turk. J. Earth Sci. 20, 1–64, http://dx.doi.org/10.3906/yer-1005-22.

lsen, K.H. (Ed.), 1995. Continental Rifts: Evolution, Structure, Tectonics. Elsevier.
avlis, N.K., Holmes, S.A., Kenyon, S.C., Factor, J.K., 2012. The development and eval-

uation of the Earth Gravitational Model 2008 (EGM2008). J. Geophys. Res. 117
(B4).
an Research 259 (2015) 34–42

Racey, S.D., Mclean, S.J., Davis, W.M.,  Buhmann, R.W., Hittelman, A.M. (Comp.),
1982. Magnetic anomaly data in the Former Soviet Union (Ministry of Geology
of the USSR, 1972. scale 1:2.5 M). National Geophysical Data Center, Boulder,
CO.

Ringwood, A.E., Green, D.H., 1966. An experimental investigation of the gabbro-
eclogite transformation and some geophysical implications. Tectonophysics 3,
383–427.

Rogers, J.J.W., Santosh, M.,  2002. Configuration of Columbia, a Mesoproterozoic
supercontinent. Gondwana Res. 5, 5–22.

Ruppel, C., 1995. Extensional processes in continental lithosphere. J. Geophys. Res.
B  100, 24187–24215.

Rämö, O.T., Manttari, I., Kohonen, J., et al., 2004. The Lake Ladoga basin: preliminary
insights into geochronology, igneous evolution, and tectonic significance. In:
Ehlers, C. (Ed.), Lithosphere 2004. Inst. of Seismology, Univ. Helsinki report S-45,
pp. 105–106.

Schaeffer, A.J., Lebedev, S., 2013. Global shear-speed structure of the
upper mantle and transition zone. Geophys. J. Int. 194 (1), 417–449,
http://dx.doi.org/10.1093/gji/ggt095.

Sengör, A.M.C., Burke, K., 1978. Relative timing of rifting and volcanism on Earth and
its  tectonic implications. Geophys. Res. Lett. 5, 419–421.

Shen, W.,  Ritzwoller, M.H., Schulte-Pelkum, V., 2013. Crustal and uppermost mantle
structure in the central U.S. encompassing the Midcontinent Rift. J. Geophys.
Res. Atmospheres 118, 4325–4344, http://dx.doi.org/10.1002/jgrb.50321.

Slabunov, A. (Ed.), 2013. Rodinia-2013: Supercontinental cycles and geodynamics
(Early Precambrian of the Russian Karelia). Excursion Guide, Institute of Geology,
Petrozavodsk, Russia, p. 52 pp.

Slabunov, A.I., Lobach-Zhuchenko, S.B., Bibikova, E.V., et al., 2006. The Archean of the
Baltic Shield: geology, geochronology, and geodynamic settings. Geotectonics 6,
3–32.

Stein, C.A., Stein, S., Merino, M.,  Keller, G.R., Flesch, L.M., Jurdy, D.M., 2014. Was  the
Midcontinent Rift part of a successful seafloor-spreading episode? Geophys. Res.
Lett.  41, http://dx.doi.org/10.1002/2013GL059176.

Thybo, H., Artemieva, I.M., 2013. Moho and magmatic underplating in continental
lithosphere. Tectonophysics 609, 605–619.

Thybo, H., Nielsen, C.A., 2009. Magma-compensated crustal thinning in continental
rift zones. Nature 457, 873–876.

Velichkin, V.I., Kushnerenko, V.K., Tarasov, N.N., et al., 2005. Geology and forma-
tion conditions of the Karku unconformity-type deposit in the Northern Ladoga
region (Russia). Geol. Ore Deposit. 47 (2), 87–112.

Vigneresse, J.L., 2005. The specific case of the Mid-Proterozoic rapakivi granites and
associated suite within the context of the Columbia supercontinent. Precam-
brian Res. 137, 1–134.

Wernicke, B.P., 1985. Uniform-sense normal simple shear of the continental litho-
sphere. Can. J. Earth Sci. 22, 108–125.

White, R.S., McKenzie, D., 1989. Magmatism at rift zones: the generation of volcanic

margins and flood basalts. J. Geophys. Res. 94, 7685–7729.

Zhao, G., Sun, M.,  Wilde, S.A., Li, S., 2004. A Paleo-Mesoproterozoic supercontinent:
assembly, growth and breakup. Earth Sci. Rev. 76, 91–123.

Zoback, M.L., 1992. First- and second-order patterns of stress in the lithosphere’ The
World Stress Map Project. J. Geophys. Res. 97, 11703–11728.

dx.doi.org/10.1016/0040-1951(92)90248-5
dx.doi.org/10.1016/0040-1951(92)90248-5
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0175
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0175
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0175
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0175
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0175
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0175
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0175
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0175
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0175
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0175
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0175
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0175
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0175
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0175
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0175
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0175
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0175
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0175
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0175
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0175
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0175
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0175
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0175
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0175
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0175
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0175
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0175
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0175
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0175
http://www.heatflow.und.edu/index2.html
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0185
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0185
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0185
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0185
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0185
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0185
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0185
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0185
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0185
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0185
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0185
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0185
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0185
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0185
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0185
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0185
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0185
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0190
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0190
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0190
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0190
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0190
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0190
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0190
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0190
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0190
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0190
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0190
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0190
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0190
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0190
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0190
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0190
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0190
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0190
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0195
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0195
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0195
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0195
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0195
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0195
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0195
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0195
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0195
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0195
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0195
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0195
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0195
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0195
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0195
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0195
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0195
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0195
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0195
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0195
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0195
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0195
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0195
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0195
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0195
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0195
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0195
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0200
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0200
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0200
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0200
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0200
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0200
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0200
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0200
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0200
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0205
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0205
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0205
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0205
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0205
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0205
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0205
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0205
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0205
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0205
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0205
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0205
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0205
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0205
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0205
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0205
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0205
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0205
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0205
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0205
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0215
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0215
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0215
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0215
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0215
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0215
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0215
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0215
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0215
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0215
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0215
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0215
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0215
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0215
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0215
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0215
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0220
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0220
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0220
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0220
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0220
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0220
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0220
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0220
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0220
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0220
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0220
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0220
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0220
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0220
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0220
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0225
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0225
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0225
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0225
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0225
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0225
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0225
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0225
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0225
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0225
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0225
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0225
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0225
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0225
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0225
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0225
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0225
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0225
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0225
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0225
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0225
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0225
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0225
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0225
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0225
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0225
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0225
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0225
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0225
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0225
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0225
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0230
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0230
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0230
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0230
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0230
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0230
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0230
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0230
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0230
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0230
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0230
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0230
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0230
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0230
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0230
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0230
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0235
dx.doi.org/10.1029/2006 JB004795
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0245
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0245
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0245
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0245
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0245
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0245
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0245
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0245
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0245
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0245
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0245
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0245
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0245
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0245
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0245
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0245
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0245
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0245
dx.doi.org/10.3906/yer-1005-22
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0255
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0255
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0255
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0255
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0255
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0255
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0260
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0260
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0260
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0260
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0260
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0260
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0260
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0260
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0260
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0260
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0260
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0260
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0260
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0260
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0260
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0260
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0260
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0270
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0270
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0270
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0270
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0270
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0270
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0270
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0270
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0270
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0270
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0270
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0270
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0270
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0270
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0270
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0270
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0270
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0275
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0275
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0275
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0275
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0275
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0275
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0275
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0275
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0275
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0275
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0275
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0275
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0280
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0280
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0280
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0280
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0280
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0280
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0280
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0280
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0280
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0280
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0280
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0280
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0280
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0285
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0285
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0285
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0285
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0285
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0285
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0285
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0285
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0285
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0285
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0285
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0285
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0285
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0285
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0285
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0285
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0285
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0285
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0285
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0285
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0285
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0285
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0285
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0285
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0285
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0285
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0285
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0285
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0285
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0285
dx.doi.org/10.1093/gji/ggt095
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0295
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0295
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0295
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0295
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0295
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0295
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0295
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0295
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0295
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0295
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0295
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0295
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0295
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0295
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0295
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0295
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0295
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0295
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0295
dx.doi.org/10.1002/jgrb.50321
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0305
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0305
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0305
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0305
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0305
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0305
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0305
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0305
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0305
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0305
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0305
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0305
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0305
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0305
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0305
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0305
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0305
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0305
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0305
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0305
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0305
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0310
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0310
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0310
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0310
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0310
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0310
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0310
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0310
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0310
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0310
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0310
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0310
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0310
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0310
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0310
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0310
dx.doi.org/10.1002/2013GL059176
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0320
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0320
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0320
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0320
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0320
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0320
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0320
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0320
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0320
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0320
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0320
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0320
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0325
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0325
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0325
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0325
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0325
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0325
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0325
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0325
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0325
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0325
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0325
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0325
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0330
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0330
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0330
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0330
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0330
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0330
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0330
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0330
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0330
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0330
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0330
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0330
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0330
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0330
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0330
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0330
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0330
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0330
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0330
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0330
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0330
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0330
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0330
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0330
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0335
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0335
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0335
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0335
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0335
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0335
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0335
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0335
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0335
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0335
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0335
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0335
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0335
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0335
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0335
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0335
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0335
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0335
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0335
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0335
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0335
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0335
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0335
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0335
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0335
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0340
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0340
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0340
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0340
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0340
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0340
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0340
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0340
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0340
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0340
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0340
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0340
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0340
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0340
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0340
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0340
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0340
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0345
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0345
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0345
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0345
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0345
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0345
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0345
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0345
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0345
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0345
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0345
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0345
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0345
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0345
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0345
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0345
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0345
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0345
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0345
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0350
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0350
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0350
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0350
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0350
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0350
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0350
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0350
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0350
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0350
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0350
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0350
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0350
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0350
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0355
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0355
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0355
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0355
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0355
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0355
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0355
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0355
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0355
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0355
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0355
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0355
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0355
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0355
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0355
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0355
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0355
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0355
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0355
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0355
http://refhub.elsevier.com/S0301-9268(14)00292-7/sbref0355

	Is the Proterozoic Ladoga Rift (SE Baltic Shield) a rift?
	1 Introduction
	2 What defines an intracontinental rift?
	3 Can the Lake Ladoga region be a rift?
	3.1 Topographic expression
	3.2 Magmatism
	3.3 Crustal structure
	3.4 Magnetic anomalies
	3.5 Gravity anomalies
	3.6 Mantle Vs anomalies, heat flow and lithosphere thickness

	4 Alternative mechanisms
	5 Conclusions
	Acknowledgements
	References


