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Abstract—The history of Quaternary glaciation and postglacial uplift in Fennoscandia is considered in relation to the surface topogra-
phy, gravity, and number of glacial deposits and is compared to the respective processes in North America. The surface topography and the
gravity field are correlated over the Fennoscandian region as a whole and for two reference areas of South Norway and the Kola Peninsula.
The gravity field is composed as free-air and Bouguer gravity anomalies using modern global models based on satellite data. The impact of
glaciation may be responsible for zoned patterns of both topography and gravity. The glaciation centers of Norway are marked by uplifts
reaching 2470 and 1500 m and by circular Bouguer gravity lows of <—200 mGal, which correspond to residual crust thickening. The grav-
ity patterns of the Kola Peninsula and Norway consist of circular and polygonal anomalies caused by both postglacial rebound and rock
density variations. The general uplift and related extension of the crust led to the formation of fractures of different sizes, from 100-200 km
long and 1-2 km deep fjords in Norway to 1-2 km long and 30-20 m deep local fractures on the Kola Peninsula. The gravity field of central
North America is characterized by a generalized map of free-air anomalies within the limits of glaciation and a map of free-air anomalies
compiled from the global database. Glaciation and its records in the surface topography and gravity patterns are described in more detail
for Wisconsin State (USA), where extension fractures are similar to those on the Kola Peninsula. The models explaining the correlation
between postglacial uplift and gravity variations can be further updated using seismic and tectonic data, as it was shown previously for the
case of Finland.
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INTRODUCTION

Late Quaternary glaciation produced large 3—5 km thick
ice sheets in northern Europe and Asia, as well as on the
Canadian shield, which are similar to the present Greenland
or Antarctica ice sheets (Kotlyakov and Lorius, 2000; Kot-
lyakov et al., 2004). The best known are the Fennoscandian,
Kara, and Canadian ice sheets that formed between 150 and
90 kyr BP. Large ice sheets reappeared in these areas also
during the Last Glacial event, 25-12 kyr BP, though the
Fennoscandian one was smaller than its older precursor
(Morner, 1969; Kukkamaki, 1975; Grossvald, 1999; Svend-
sen et al., 2004).

Deglaciation in Fennoscandia at 9—12 kyr BP induced
uplift of the territory, which still continues. The uplift was
attributed to the presence of asthenosphere beneath the con-
tinent, and the asthenospheric viscosity was estimated via
the uplift rate (Niskanen, 1939; Artyushkov, 1967, 1971,
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1979; Morner, 1969, 1980; Tolkunova, 1977; Zharkov,
1983; Lidberg et al., 2010).

Advanced satellite altimetry facilities have furnished
high-resolution gravity data for both continental and oceanic
areas (Andersen and Knudsen, 2016). Recently interest has
been rekindled to Late Neogene uplifts, of which some orig-
inated otherwise than by postglacial isostatic rebound (Arty-
ushkov et al., 2018), as well as to Neogene—Quaternary up-
lifts in the Kola Peninsula (Nikolaeva et al., 2018), Norway,
and Sweden (Morner, 2004; Ojala et al., 2004; Simon et al.,
2018). It is also interesting to study the uplift that followed
the 15-17 kyr BP Quaternary glaciation in Wisconsin
(USA). It was the visit of one of us (N.L.D.) to the Wiscon-
sin area in May 2018 that inspired this study.

New high-resolution gravity data can provide insights
into the deep structure of areas covered by present (Green-
land and Antarctica) or past (Fennoscandia, etc.) ice sheets,
and especially the areas of postglacial uplift. The objective
of this paper is to compare gravity maps with the distribu-
tion of Neogene—Quaternary structures produced by post-
glacial crust movements in Fennoscandia (including the
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Kola Peninsula) and in the Canadian shield (Wiconsin and
its surroundigs), and to discriminate between upper crustal
and deeper features.

SURFACE TOPOGRAPHY, NEOGEN-
QUATERNARY STRUCTURES, AND GRAVITY
MAPS OF FENNOSCANDIA

Figure 1 shows reconstructed limits and history of the
Fennoscandian and Kara ice sheets from 150 through 20 kyr
BP (Grosswald, 1999; Svendsen et al., 2004). The data on
postglacial Fennoscandia are presented Fig. 2: reconstructed
uplift to 800 m (Ojala et al., 2004) and its deviation from
average uplift in panel a; deviations of uplift from the calcu-
lated isostatic values, negative in panel b and positive in c;
and current vertical and horizontal velocities according to
GPS in panel d (Lidberg et al., 2010). Additionally, we have
revealed local uplift peaks (panel a) which were first out-
lined by Artyushkov (1979) who mentioned that general up-
lift in central Fennoscandia had stopped around 9000 yr BP,
and the area underwent uplift and subsidence of different
blocks since then. That inference was confirmed by many
later models (Stewart et al., 2000; Siegert et al., 2001; Si-
mon et al., 2018).
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An axis of local uplifts across the South and North Nor-
wegian maximums (Figs. 1, 2) roughly coincides with that
of maximum ice thickness that reached 2.5-3.0 km (Gross-
wald, 1999; Siegert et al., 2001), whereas the maximum
present uplift is shifted southward (Fig. 2). Another axis tra-
verses uplifts 3—5 (Figs. 1, 2a). The current uplift rate
(Fig. 2d) of 1.6 cm/yr (Ojala et al., 2004; Lidberg et al.,
2010) is slower than 3—4 cm/yr at 9-10 kyr BP and 10—
12 cm/yr about 11.5 kyr BP: it became 3 to 5 times slower
for 1500 yr, and the total reduction has been by a factor of
7-8 (Artyushkov, 1979). The axes of maximum uplift and
Bouguer gravity lows better highlight the northern line and
the northern local zones of thick crust (see below). Thus, the
uplift rate was decreasing exponentially with time for 10—
12 kyr while the maximum has shifted from southern Nor-
way northeastward to the northern Gulf of Bothnia.

Southwestern Fennoscandia (Norway and the adjacent
part of Sweden), with its high mountains and deep fjords
(blue areas in Fig. 3), stands out in the shadow relief model
based on the DTU15 global model (Andersen and Knudsen,
2016) that covers also the surrounding offshore and East Eu-
ropean craton areas (Fig. 3). Tectonically, it is a zone of
Norwegian Caledonides (Yanshin, 1966) with the thickest

4l 120°

60° 80°

Fig. 1. Reconstructions of the Fennoscandian and Kara ice sheets, ca. 150-20 kyr BP (Grosswald, 1999; Svendsen et al., 2004). Limits of the
Barents—Kara ice sheet (extended version) are according to (Landvik et al., 1998; Svendsen et al., 2004). White, blue, and yellow lines: glaciation
limits in Europe and the glaciation peak in Norway and Sweden at 20, 90 and 150 kyr BP, respectively (Grosswald, 1999; Ehlers and Gibbard,
2004). Valley glaciers in the Alps, Iceland, and other mountain systems are not shown. White hatching: remnant glaciers at the Putorana Plateau.
Letters in circles are names of glaciation centers, abbreviated as: Br, British; Sv, Svalbard; K, Kara—Barents Sea; Pt, Putorana Plateau. Ovals with
numerals from 1 through 6 are zones of maximum uplift, numbered as in Fig. 2a.
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Fig. 2. a: Total uplift (m) in Fennoscandia, complemented after Simon et al. (2018). Thin black line shows glaciation limits during the last glacial
maximum (Morner, 1980); deviation of this line from averaged symmetrical patterns of uplifts records local uplift at early stages (ca. 9 kyr, zones
1 and 2), intermediate uplift (4000 yr, zones 3, 4 and 5), and the present maximum uplift (zone 6); b and ¢: maximum negative deviation from
averaged pattern, where uplift is overestimated (b) and positive deviation where it is underestimated (c) with respect to calculated isostatic uplift
(Fjeldskaar et al., 2000; Ojala et al., 2004); blue solid lines: contours of the deviation zones; d: horizontal velocities based on GPS data (red ar-
rows, 95% confidence ellipse); color scale shows rates of subsidence and uplift (see text).

crust (Nikolaev, 1979; Artemieva and Thybo, 2013; Maupin ~ margin, encompasses Sweden (except its southwesternmost
et al., 2013). part), Northern Finland, and the Kola Peninsula. It has gen-

In the continental part, the transition zone adjacent to the  erally lower elevations but still high topographic contrasts;
uplift axis, which corresponds to the East European craton  in many places it preserves a mosaic crustal pattern clearly
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Fig. 3. Shadow relief model of Fennoscandia, a part of the East European craton, and offshore area. Gray, blue, and light blue lines: different
heights of postglacial uplift; whitish color: coast and shallow shelf; brown and green: continental slope and oceanic uplift; red lines: maximum
axial uplift (peak in South Norway (blue) and its surroundings) and boundaries of the second transition zone in the craton with local uplifts (black

ovals); black line: limits of maximum glaciation.

seen in the remaining craton part. The offshore transition
zone includes continental shelf with the same mosaic struc-
ture and prominent topographic features: light-colored zone
in Fig. 3 adjacent to Norway and grading seaward into a
yellow-green zone corresponding to old oceanic crust in-
volved into postglacial movements. Another transition zone
on the craton comprises four or five circular uplifts with
high elevation contrasts and numerous lakes, mostly of gla-
cial origin as generally in Fennoscandia. The uplifts include
the largest one located in South Finland and Karelia next to
the northwestern edge of Lake Ladoga, and smaller uplifts
north and east of it and in South Sweden.

The remaining part of the East European craton (right
bottom corner in Fig. 3) comprises a few circular uplifts su-
perposed upon a polygonal fault pattern that corresponds to
the old deformation framework inherited by the postglacial
fault-bounded uplifts and other structures. The area is di-
vided into two zones separated by a chain of terminal mo-
raines formed during the Last Glacial, which left imprint in
the surface topography as moraine landforms and numerous
small lakes along the southern margin of the 20 kyr BP ice
sheet (Figs. 1, 3). This boundary and the landforms that
mark the limits of the thickest ice coincide with the zone of

highest uplift and deformation, which confirms the reliabil-
ity of the reconstructions in Figs. 1 and 2.

The gravity field of the region was imaged by mapping
Faye (free-air) (Fig. 4) and Bouguer (Fig. 5) gravity anoma-
lies with reference to the DTU15 (Andersen and Knudsen,
2016) and EIGEN-6C4 (Forste et al., 2014) global models,
respectively. The Bouguer gravity provides important check
of the free-air anomalies that are affected by terrain. The
Bouguer gravity anomalies were calculated using calcula-
tion service and data which available at the ICGEM website
(http://icgem.gfz-potsdam.de/home), with terrain correction
assuming 2.67 g/cm?® density of rocks. The correction re-
mains incomplete if the real rock density differs from the
assumed value, but the upper crust density misfit for Fenno-
scandia is within +£0.17 g/cm? (Olesen et al., 2002; Glaznev
et al., 2015), which makes a contribution of <7 mGal per
1000 m of elevation. Therefore, any gravity anomaly above
this value must be due to density heterogeneity, with its
depth extent exceeding the elevation difference. The region-
al Bouguer anomalies thus represent deep structures, partly
the Moho topography.

The Bouguer gravity map (Fig. 5) images the upper con-
tinental lithosphere and the polygonal mosaic pattern of
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Fig. 4. Free-air gravity anomalies in the area of Fig. 3, based on the DTUI1S5 global model (Andersen and Knudesen, 2016). Heavy black lines:
fault boundaries and boundaries of zones with different gravity patterns; thin lines: polygonal mosaic pattern recorded in the gravity field; white

boxes are areas enlarged in Figs. 6-9, 11, and 13-15.

postglacial uplift resulting from different uplift rates associ-
ated with density variations. The gravity anomalies also re-
cord the lower crust and Moho features with oval zones of
thick crust (Gradmann and Ebbing, 2015). The crustal fea-
tures may be isostatically imbalanced (Gradmann and Ebb-
ing, 2015) and, correspondingly, may represent zones of
fastest early postglacial uplift in the territory of Norway
(Fig. 5). Furthermore, they may be responsible for the mo-
saic pattern of the remaining craton part (thin lines between
local positive and negative anomalies in Figs. 4 and 5). The
thin lines make up a regular network of geometrically differ-
ent elements. In many cases, the lines were drawn with ref-
erence to the adjacent patterns to reduce uncertainty caused
by low gravity field gradients. The elements of the mosaic
structure in the free-air and Bouguer gravity fields differ
mainly because they may be ambiguously contoured and be-
cause the free-air anomalies bear much larger terrain effects
than the Bouguer anomalies. These problems were investi-
gated in more detail for the cases of the Kola Peninsula and
South Norway areas (Figs. 4, 5), where the block boundaries
were traced using jointly analyzed free-air and Bouguer
anomalies and digital terrain maps compiled using fuction
of 2D Laplacian, which are obtained by means of the second
derivatives estimation to measure surface curvature. The

function of 2D Laplace of terrain elevations (Dobretsov and
Vasilevskiy, 2018) was normalized to the highest value over
the study region.

The Bouguer gravity pattern (Fig. 5) includes prominent
lows of =90 to —160 mGal in the zone of highest elevations
which covers the Norwegian Caledonides and the adjacent
part of the East European craton. Smaller gravity lows
(<—80 mQGal) appear in the southern and central Gulf of
Bothnia and near the Kandalaksha Gulf where they make up
a wide belt of 0 to —30 mGal features between 59° and
70° N. In the northern end of the belt, near the Murmansk
fjord, there is a —40 mGal low surrounded by highs up to
+120 mGal. A similar feature in Wisconsin and Michigan
(USA) is beyond the surface topography zones (Fig. 3), be-
cause the Bouguer anomalies bear only a minor surface ter-
rain effect but mostly record lower crustal and Moho hetero-
geneities, as well as the lithospheric mantle variations. This
fact explains partly the scale difference of the free-air and
Bouguer anomalies.

Prominent Bouguer gravity lows in the zone of Norwe-
gian Caledonides (Fig. 5) correspond to areas of the thickest
granitic crust and generally correlate with the most contrast-
ing surface topography and roots of collisional uplifts (Alps,
etc.). However, the collisional crust thickening occurred
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Fig. 5. Bouguer gravity anomalies in the area of Figs. 3 and 4 based on the EIGEN-6C4 global model (Forste et al., 2014). Thin blue lines: grav-
ity lows in the area of maximum uplift in the transitional zone; thin black lines: polygonal mosaic pattern of offshore and cratonic blocks; line

I-I": boundary of most intense gravity lows.

most likely in the Devonian and only a part of the thick crust
survived till the Cenozoic, e.g., beneath the Ural Late Paleo-
zoic—Early Mesozoic or Kazakhstan Early Paleozoic oro-
genic structures. The ~3 km thick ice loaded the zones of
lighter thick crust, and the most deeply pressed areas uplif-
ted most rapidly by isostatic rebound after ice melting, first
at 10—12 cm/yr about 11 kyr BP and then at 2—4 cm/yr about
9 kyr BP, while the present uplift has been 1.6 cm/yr
(Fig. 2d) (Artyushkov, 1979; Ojala et al., 2004; Lidberg et
al., 2010; Simon et al., 2018).

The magnitude and geometry of gravity lows do not
match perfectly the topographic features. The South Norway
anomaly is similar in shape to the oval zone of high eleva-
tion but the highest mountain (Galdhepiggen, ~2470 m)
falls on the anomaly margin, while the most prominent
round Bouguer anomaly coincides with a small uplift cen-
tered at Mt. Kebnekaise (2117 m), which is 350 m lower.
The uplift within 850 m (Fig. 2a) or 2000 m (?) is about ten
times as high as the previously calculated values of 200—
250 m (Artyushkov, 1979) that may represent the latest
stage of the mountain growth event (past 3 kyr).

The transition zone between the gravity lows of Norway
and the flat part of the East European craton encompasses
several oval and angular features (Fig. 5). The Bouguer grav-
ity field in the remaining craton part, free from uplifts, has a
mosaic pattern similar to that observed in the map of free-air
anomalies (Fig. 4), but with smaller-scale structures. Never-
theless, moderate Bouguer gravity lows (within —60 mGal)
in this area are square or rhombic (in the contour line map),
with high angles, which are similar to gravity highs of
<+60 mGal corresponding to angular blocks of different den-
sities. This pattern may record a larger-scale mosaic struc-
ture of the lower crust. The free-air and Bouguer anomalies
generally agree in contours and sign but differ in magnitude
and surface area (the Bouguer highs are markedly larger and
the lows are smaller than the respective free-air features),
possibly, as a result of difference between blocks of the low-
er and upper crust evident in many seismic sections.

The general trends revealed for the large region of Fen-
noscandia and its surroundings (Figs. 3—5) require further
checks and updates for specific key areas. We have chosen
South Norway and the Kola Peninsula as examples of
highest uplift and transition areas.
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DETAILED STRUCTURE AND CORRELATIONS:
SOUTH NORWAY
AND KOLA PENINSULA KEY AREAS

South Norway (58° to 64° N and 3° to 11° E, Figs. 6-9).

The gravity and surface topography records were com-
pared using a specially created universal system of block
boundaries outlined with reference to the maps of trans-
formed (2D Laplacian) elevations (Dobretsov and Vasilevs-
kiy, 2018). The land and sea bottom topography (Fig. 6)
maps are based on the DTU15 model (Andersen and Knud-
sen, 2016) and have a 1” x 1" (~1.8 km x 0.9 km) resolu-
tion. The most highly elevated blocks (>2000 m) contoured
by ovals are well pronounced.

The dome-shaped oval uplift, around 210 km in radius,
centered at Mt. Galdhepiggen, ~2470 m (white triangle,
point 1, in Fig. 6) is the principal topographic feature in this
part of Fennoscandia. It is composed of brick-like polygonal
blocks with deep incisions of steep-sided and flat-bottomed
fjords. The largest Sognefjord is cut 204 km into the land as
far as the foot of Mt. Galdhepiggen and rises 1310 m above
the water. The uplift is a series of several concentric ovals
with a total length of 600 km between 58° and 63° N and is
350 km wide (Fig. 6). Taking into account the amount of
erosion and sediments accumulated on the fjord bottom, the
“bricks” can be assumed to be at least 1.5-2.0 km thick. The
blocks are smaller (~6 km x 4 km % 1.5 km) in the center of
the uplift but 45 times larger (up to 30 km X 15 km x 2 km)
near the coast. The primary block boundaries are masked by
talus and corrom material, while denudation is commonly
minor in the high latitudes, and its role has to be further in-
vestigated. On the continental slope, large (40 km x 20 km
or 30 km x 20 km) blocks have more distinct boundaries
while smaller ones may be buried under soft sediments.

The structures with characteristic sizes of small gravity
anomalies are better detectable in the map of transformed
(2D Laplacian) elevations (Fig. 7), which can highlight ter-
rain features against high elevation gradients and bring out
block boundaries that fit both topographic and gravity pat-
terns in zones of low horizontal gradients of gravity.

The division of the South Norway area into small blocks,
which appear in the surface topography (Figs. 6, 7), is also
evident in the map of free-air gravity anomalies (Fig. 8). In
the continental area, the block boundaries are sharp and
straight, but the oval features are less prominent, except for
their periphery and some ovals in the most highly elevated
central part (Fig. 8). The blocks are homogeneous or weakly
zoned (<10 mGal). The gradients of local anomalies pro-
duced by lateral density variations are especially high along
the block boundaries over most of the perimeter.

In shallow shelf, outside the continent, the gravity field is
more homogeneous, mostly in the range from 0 to —30 mGal
(Fig. 8), with elongated highs up to +60 mGal in the north-
west of the area and weaker highs in the southwest (Fig. 8).
This gravity distribution differs from the mosaic pattern of
surface topography persistent also offshore to 3° E (Figs. 6, 7).
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In general, the free-air gravity features become less contrast-
ing and larger toward the uplift periphery, especially, off-
shore where the blocks are as large as 40 km x 30 km. Their
boundaries are obscured by soft sediments, which makes it
difficult to decipher the gravity record in hard rocks.

The Bouguer gravity map (Fig. 9) shows two well pro-
nounced concentric radiating negative anomalies decaying
from —100 to —120 mGal at the center to —40 to —60 mGal
(blue) and then 0 to —40 mGal (yellow-green). Anomaly 1 is
located in the center of the southern half of the peninsula
and anomaly 2 is farther northeast, about 62° N (partly
shown in Fig. 9). The two anomalies are as large as 200 km
across and represent structures at the crustal base and coex-
ist with smaller oval and concentric anomalies of some other
origin in the transition zone. Northwest of the two features,
there is anomaly 3 of a complex “breccia”-like structure,
with —90 to —30 mGal values radiating from two centers.

The three Bouguer anomalies (Fig. 9) correlate in differ-
ent ways with the free-air anomalies (Fig. 8): the southeast-
ern part of Bouguer anomaly 1 and almost whole anomaly 2
match free-air gravity lows (Fig. 8), whereas the northwest-
ern part of anomaly 2 and almost entire anomaly 3 corre-
spond to +30 to +130 mGal free-air anomalies (Fig. 7). The
latter highs are in inverse correlation with the —100 to
—120 mGal Bouguer lows, which may result from crust
thickness difference exceeding 10 km (Artemieva and Thy-
bo, 2013; Maupin et al., 2013; Gradmann and Ebbing, 2015)
or from mantle structure difference if the crust thickness is
more uniform (Gradmann and Ebbing, 2015). Line I-I' bet-
ween these zones (Figs. 8 and 9) is tentative.

The plots of filtered terrain elevations presented together
with the free-air and Bouguer anomalies along profile A—A'
(Fig. 10, top panel; profile location is shown in Figs. 6-9 for)
demonstrate the terrain effect on local gravity anomalies.
The topography curve (white line) fits perfectly the free-air
gravity variations, and many local free-air gravity features
correlate with Bouguer anomalies. As noted previously, all
local features above 7 mGal must be due to density varia-
tions over depths exceeding local elevation difference. The
local Bouguer anomalies that correlate with elevation varia-
tions may likewise result from density contrasts. The latter
may be due either to nonuniform vertical motions of blocks,
which brought rocks of different densities to the same hyp-
sometric level or to faster or slower subsidence and uplift of
blocks with different densities. The Bouguer gravity curve
bends smoothly at 50-100 mGal (Fig. 10), which records
the compensation effect of the uplift of roots.

The seismicity of Fennoscandia is concentrated in three
roughly parallel belts running along the continental margin
boundary in the North Sea, the North Sea coast, and the
western side of the Gulf of Bothnia. The two former ones
correlate with zones of high crust thickness gradients while
the third one falls within the zone of maximum postglacial
uplift (Redfield and Osmundsen, 2015).

Kola Peninsula (southern limit at 65° N and western
limit at 28° E, Fig. 11a).
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Fig. 6. Surface topography of South Norway. Thin lines: reconstructed polygonal mosaic pattern. Point 1: elevation 2470 m; ovals contour sev-
eral main uplifts; line A—A’ is profile presented in Fig. 10.
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Fig. 7. Transformed surface topography of South Norway (2D Laplacian of terrain elevations normalized to maximum value over the whole area).
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Fig. 8. Free-air gravity anomalies in South Norway and surrounding seas based on DTU15 global model (Andersen and Knudsen, 2016). Thin
lines: block boundaries; line I-I": tentative boundaries between different mantle zones at moderate variations in crust thickness. Line A-A’ is
profile presented in Fig. 10.
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Fig. 9. Bouguer gravity anomalies in South Norway. Thin lines: reconstructed polygonal mosaic pattern. White dash line: oval structures. I-1' is
same as in Fig. 8.
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Fig. 10. Top panel: profile A—A" across South Norway (Figs. 6-9); bottom panel: profile B-B’ across Kola Peninsula (Figs. 13—15). Thin black
contour of gray field: elevations (y axis, left). /, function of 2D Laplacian of relief elevation function (y axis, right, £0.8); 2, 3, free-air and Bou-

guer anomalies, respectively (scale on the right, in mGal).

Uplifted areas with rugged terrain are located in the
north, near the Varangerfjord and the Murmansk Fjord, as
well as in the central western part of the area from Lake
Inari to the Revda—Kirovsk—Apatity—Kandalaksha Gulf. El-
evations reach 1110 m asl southwest of the Nordkin Cape
and about 400-600 m at Kovdor, both at the divide along
the Russia—Finland and Norway—Finland national frontiers.
The elevations reach 1050-1140 m in the Khibiny Moun-
tains near the cities of Kirovsk and Apatity. The rugged
faulted surface of the Rybachii Peninsula and the Murmansk
Fjord resembles that of South Norway (Fig. 3). The Mur-
mansk Fjord and the Kandalaksha Gulf are areas of moder-
ate seismic activity (Panasenko, 1969; Nikolaeva, 2001;
Asming et al., 2010).

The area farther in the south till 68° N (Fig. 11la) is a
combination of highest round uplifts between 36° and 40° E
with numerous small blocks. The Kandalaksha—Apatity—
Khibiny (Kirovsk) territory is heavily faulted (Fig. 11b).
The faults (black lines) mapped according to the geological
map (Mitrofanov, 2012) and a similar figure in the study of

Nikolaeva et al. (2018), delineate circular and elongate
blocks: the 50 x 40 km Khibiny and 30 x 20 km Polarnye
Zori blocks; the 40 x 10 km Apatity block east of the Kola
Nuclear Power Station; the 40 x 20 km Khibiny blocks; and
the 25 x 10 km Kandalaksha Gulf block similar to large
blocks in highlands and near the coast (Fig. 6).

The somewhat tentative tectonic framework enlarged in
Fig. 115 (red lines) consists of small or medium blocks
(10 x 3 to 2 x 3 km, or 6 x 4 km on average), like those in
Fig. 6. They correspond to glacial lakes, bays in the Kandal-
aksha Gulf, and landforms prominent on its sides (Khibiny
Mountains, Chunatundra and its northwestern surroundings)
but poorer detectable in-between.

The uplifted area near Lake Chunozero and the Kola Nu-
clear Power Station (Fig. 115) is dissected by 400-1000 m
long, 50 m wide, and 30 m deep fissure-like local zones of
extension, possibly pull-apart basins (Evzorov and Niko-
laeva, 2003; Nikolaeva et al., 2018), on the background of
the general strike-slip style of deformation (Fig. 12). Similar
or larger local extension zones (up to 2.0-2.5 km long and
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Fig. 11. a: shadow relief model of the Kola Peninsula and its surroundings; b: enlarged structure of area in red box (Khibiny Mountains and Kan-
dalaksha Gulf). a: red box frames zone of Fig. 115b; blue thin lines: offshore and adjacent onshore block boundaries; b: /—4, boundaries of main
geodynamic zones (/), faults with hatches toward slip plane dip (2), boundaries of subsidiary geodynamic zones (3), and fault segments reacti-
vated in postglacial time (4); 5, water; 6a, site enlarged in Fig. 12, 6b, fault scarps produced by past earthquakes (Mitrofanov, 2012; Nikolaeva et
al., 2018).
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Fig. 12. Seismotectonic map (Nikolaeva et al., 2018) and enlarged structure of red box from Fig. 11b. a: /, main (a) and subsidiary (b) active
faults; 2, canyons (a) and strike-slip faults (b); 3, deformed zones; 4, elevations (m, asl); 5, sampling sites of soft sediments: trenches () and
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trenches (a); boreholes (b); 10, line of profile X—X'. Heavy gray lines are block boundaries (similar to red lines in Fig. 115).

50-100 m deep) were reported from Wisconsin, USA (see
below). At least some of the Fennoscandian fjords, which
follow the mosaic structure of the uplift and only partly sur-
round its highest part, are such extension structures, espe-
cially the large ones reaching 200 km long (Fig. 6). On the
other hand, V-shaped glacial valleys in mountains are more
straight, wide at the top and narrow at the bottom (vice ver-
sa in fjords) and fall off the mosaic structure (Fig. 6). Thus,
the zones of extension vary in lateral size from 200 km to
1-2 km and from 2 to 0.1 km in depth depending on the
extent and rate of uplift. Note that the patterns associated
with extension and uplift are similar: e.g., the mosaic of
0.3-3.0 km blocks in Fig. 12a resembles the pattern with
5-30 km blocks in Fig. 115 and c.

The map of transformed elevations (Fig. 13) was com-
piled using averaging suitable for its further correlation with
gravity anomalies (Fig. 14). Free-air gravity anomalies in
the Kola Peninsula range from — 50 to + 56 mGal with a
twice smaller contrast than in Norway (Fig. 8): 106 mGal
against 200 mGal. They have more curved and less distinct
contours than their Norwegian counterparts (Fig. 8), but
there are prominent round highs related to the Khibiny and
Lovozero alkaline intrusions, as well as to the Chunatundra,
Monchegorsk, and Fedorovo mafic-ultramafic intrusions.

Large 300-400 km gravity lows have circular shapes in
the center of the Kola Peninsula and are rather square near
the Barents Sea coast, where they may record young rift-re-
lated deposition. Another low in the Kola Peninsula is en-
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Fig. 13. Transformed surface topography of the Kola Peninsula and its surroundings (normalized 2D Laplacian). Line B-B’ is profile shown in
Fig. 10.

mGal

67°

66°

65°

100 km

Fig. 14. Free-air and Bouguer gravity anomalies of the Kola Peninsula and its surroundings. Thin lines: polygonal mosaic pattern based on grav-
ity and surface topography maps, with reference to the DTU15 global model (Anderson and Knudsen, 2016).
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circled by highs and has a different nature. The pattern of
free-air anomalies is consistent with the map of transformed
terrain elevations (Fig. 13).

The Bouguer anomalies in the Kola Peninsula (Fig. 15)
generally agree with the free-air gravity anomalies (Fig. 14)
but are shifted toward positive values and are wider. There
are distinct anomalies in the northwestern coast of the penin-
sula and a narrow low-gravity zone in the northern side of the
Kandalaksha Gulf, along the boundary of the Beloe Sea oro-
genic area, which ends in northwest with an oval feature.
Compared with the surface topography, the Bouguer gravity
anomalies appear to be largely controlled by crust density
variations, with an effect of uplift roots traceable in the pen-
insula center.

At least seven oval-shaped anomalies, from 500 to
250 km (Figs. 14 and 15), better pronounced in the Bouguer
gravity pattern (Fig. 15), are main features of the Kola grav-
ity field. The largest Murmansk anomaly about 500 km in
diameter (left top corner) is cut by the Murmansk Fjord
(Fig. 5). There is a +40 mGal high in the center, at the inter-
section of the 30° E longitude and 69° N latitude, surround-
ed by a yellow-green zone of —5 to —30 mGal and again by
a 0 to +40 mGal positive feature.

Another large Bouguer anomaly occupies the southeast-
ern half of the Kola Peninsula, but the center of the penin-
sula is marked by a prominent low to —50 mGal encircled
with a high of +60 mGal. These anomalies coexist with four
smaller features: two lows in the Barents and Beloe Seas

N.L. Dobretsov and A.N. Vasilevskiy / Russian Geology and Geophysics 60 (2019) 1327-1352

and two anomalies farther in the west. The circular anomaly
adjacent to the Kandalaksha Gulf and that of the Barents Sea
are located half offshore and half onshore and both have
elongate highs in the center. Two more small round anoma-
lies, likewise with positive anomalies in the center, are lo-
cated between the Murmansk and Kandalaksha anomalies
and southeast of Kandalaksha.

In the first approximation, the Kola gravity anomalies
(Figs. 14 and 15) are similar to the Bouguer and especially
free-air gravity anomalies in South Norway (Figs. 8 and
Fig. 9), but different for the round highs in the center of
continental Bouguer anomalies (Fig. 15). The South Nor-
way anomalies correspond to the Caledonides and may be
associated with the respective orogenic crust thickening,
whereas the zoned features in the Kola Peninsula may re-
cord the Archean Belomorian or partly Saamian orogenies.
The simple anomalies, without highs in the center (including
three offshore features), may represent Quaternary glacia-
tion, while the complex features are of unclear origin and
might be due to plume-related magmatism.

The curves of free-air and Bouguer gravity anomalies are
conformal in the coordinates of distance-dependent eleva-
tions where they are plotted together with the 2D Laplacian
function of relief height function (Fig. 10) along profile B—
B’ (Figs. 13—15). This conformity is due to a relatively low
local topography variation (mostly <100 m local relief) and,
correspondingly, small local terrain corrections in the Bou-
guer data, except for the Kandalaksha Gulf area between 90

42°E

38° 40°

Fig. 15. Bouguer gravity anomalies of the Kola Peninsula and its surroundings based on the EIGEN-6C4 global model (Forste et al., 2014). Thin

lines: polygonal mosaic pattern.
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and 120 km. However, the behavior of elevations and grav-
ity correlate well only within small <50 km zones of local
elevation changes that match local gravity anomalies. The
curve of 2D Laplacian of relief elevation function (white
line) agrees well with the behavior of both gravity anoma-
lies, but moderate topographic heights correspond to gravity
lows in the area between 125 and 175 km where the rocks of
the Kolvits—Umba granulite-gneiss belt may have low den-
sity (Glaznev et al., 2015; Korsman et al., 1997). Note also
that local Bouguer anomalies have greater magnitudes than
the initial free-air anomalies, contrary to their relation in
South Norway (profile A—A’). The only reason may be that
rocks in small landforms are less dense. The Bouguer gra-
vity curve for the Kola Peninsula has a smooth 20-25 mGal
bending (Fig. 10, bottom panel), which records the root
compensation effect of topography uplift, like that along the
A—A' profile (top panel).

POSTGLACIAL UPLIFT IN THE CANADIAN
SHIELD (WISCONSIN, USA)

The Canadian shield is an area of large-scale postglacial
uplift (Fig. 16) which correlates with ice thickness. Glacia-
tion in the Canadian shield began about 6 Ma (Eyles, 1993)
and postdated the Cordillera ice sheet on the Pacific coast.
Melting of the latter produced totally 22,000 km® of sedi-
ments on the shore and 1218,000 km> or 55 times more in
the offshore areas (Eyles, 1993; Lisitsyn, 2001), out of
which about 300,000 km? on the shelf (12 times more than
onshore) and more than 800,000 km? on the continental
slope. These values are essential for assessment of the gla-
ciation extent.

The Canadian ice sheet (Fig. 16a, b), called also the Law-
rence ice sheet after the Gulf of St. Lawrence, produced in
total 105,000 km? of glacial deposits, mainly moraines (Fig.
16a). About 1023 km? of sediments deposited on the sea
bottom, mainly on the shelf and partly on the continental
slope, half-circle the glacier and the zone of moraines. The
amount of offshore deposition is eleven times the onshore
volume and is commensurate with that on the shelf near the
Cordilleran ice sheet (Eyles, 1993; Lisitsyn, 2001). The flux
of glacial sedimentary material consisted of two parts (Lisit-
syn, 2001): one associated with onshore ice melting and en-
suing sediment transport to the land and shelf areas, and the
other due to offshore ice growth leading to the formation of
brines which carry large amounts of suspended matter
(nepheloid layer) and control near-bottom masses and cur-
rents, including the cold near-bottom equivalent of Gulf
Stream. The nepheloid sedimentary flux has been better
studied on the Pacific coast, while the amount of pelagic
sediments in the Atlantic Ocean may be underestimated.

The ice thickness on the Canadian shield and related up-
lift (Fig. 16b) had several peaks: one main peak >3 km with-
in the Hydson Gulf where the total uplift is above 900 feet
(300 m), and five subsidiary peaks. The five peaks include
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two in the area of Great Lakes, one northwest of Newfound-
land with ~500 ft (170 m) uplift, and two within and south
of Baffin Island (>700 ft or 220 m uplift).
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Fig. 16. a: Ice sheets in North America, amount of glacial deposits on
the continent and on the sea bottom, in thousands of km?® (Eyles, 1993;
Lisitsyn, 2001); b: amount of postglacial uplift (in feet) in North
America (Innes and Argun-Weston, 1966), modified after (Artyush-
kov, 1979) and our data. a: I, glacial gravity flow deposits in oceans;
2, onshore glaciation zones; 3, main onshore moraine deposits; b: up-
lift rate, in m. Dash line box in the panel bottom is area enlarged in
Fig. 18.
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It is impossible to assess and characterize all details of
postglacial uplift over the whole enormous territory about
3000 miles long within the scope of this paper, and we con-
fine ourselves to the area of Great Lakes and their southern
surrundings (hatched partly in Fig. 160) which encompasses
the states of Wisconsin, Michigan, and Illinois. The glacia-
tion was the most prominent in Wisconsin and is called cor-
respondingly. Yet, even this limited area experienced sev-
eral episodes and numerous phases of glaciation (Larson
and Kincare, 2009; Curry et al., 2011; Larson, 2011; Syver-
son and Colgan, 2011).

The limits of glaciation are shown in the map of bedrock
geology (Fig. 17a), modified after (Mickelson and McCart-
ney, 1979; Marshak et al., 2016), which is currently buried
under Quaternary glacial deposits. Blue dash line contours
the southwestern boundary of the Wisconsin glaciation
(Dyke, 2004) and the solid line delineates the limits of the
earlier Illinois glaciation (Larson, 2011). The maximum
postglacial uplift coincides with the Precambrian basement
uplift in the northern Wisconsin where its faulted polygonal
pattern with block sizes about 10-15 km by 3—-10 km is
clearly pronounced. The uplift is surrounded by a zone of
subsidence filled with thick Cambrian—Ordovician and Qua-
ternary sediments, without division into blocks. The polygo-
nal pattern reappears near the ice boundary, within the zone
of exposed Late Cambrian metamorphic rocks of the North
[llinois uplift, as well as in Cambrian—Ordovician sediments
around both uplifts. The section A—A' across this zone
(Fig. 17b) shows the faulted basement top and heavily de-
formed Late Precambrian quartzite.

Our free-air gravity map based on the DTUI5 global
model (Andersen and Knudsen, 2016) covers a larger terri-
tory including most of the Great Lakes area in North Amer-
ica (Fig. 18). The white line contours the geological map of
Illinois and Wisconsin (Fig. 17), the black heavy line is the
boundary of the Illinois glaciation (Larson, 2011), the dash
line shows the limits of the Wisconsin glaciation (Dyke,
2004), and thinner black lines are two profiles chosen for a
more detailed discussion of gravity features. The polygonal
mosaic pattern is well evident over the craton between the
Appalachian and Duluth orogens on the southeast and the
northwest, respectively, which themselves have a linear
structure crosscutting the fault blocks.

The Precambrian basement uplift in the northern Wiscon-
sin state and the adjacent part of Michigan is marked by four
gravity highs up to +75 mGal and three similar highs in the
state of Michigan between lakes Michigan and Huron cor-
respond to local Precambrian uplifts. They make up a circle
with a double low (to —75 mGal) in the center. In general,
this zoned gravity feature with a 150 mGal contrast (-75 to
+75 mGal) matches the local glaciation center shown in Fig.
16, and is in some respect similar to the oval features in
South Norway (Figs. 6 and 9) and in the Kola Peninsula
(Fig. 15). The large gravity lows (Fig. 18) are similar to up-
per mantle anomalies in North America (between 48° and
35° N) reported by Mooney and Kaban (2010), but our map
is more detailed.
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The patterns of elevations (Fig. 18) and gravity anoma-
lies (Fig. 19) along profiles 1 and 2 (profile 2 coincides with
A—A' in the geological map of Fig. 17b; Bouguer gravity
maps are not shown because they are conformal to the free-
air patterns, which is evident in Fig. 19) are related in an
intricate way. Local free-air and Bouguer gravity anomalies
in profile 1 have positive correlation with local elevation
changes. Large topographic features (about 100 km along
the profile) show negative correlation with gravity anomalies
in the beginning of the profile and positive correlation in its
end. The large gravity anomalies along profile 2 are mostly
associated with density heterogeneity in the crust (compare
with Fig. 17b), while local features correlate with local land-
forms, either directly or inversely (in some cases, depres-
sions correspond to gravity highs and vice versa). In the
same way as for Fennoscandia, conformal variations of local
Bouguer anomalies may indicate similarity in their origin.
Glacial motions may have caused nonuniform uplift and
subsidence of adjacent blocks which brought to the same
hypsometric level rocks of different densities, or these blocks
themselves became subsided or uplifted at different rates.

Although the gravity record of glaciation in the Canadian
shield is fragmentary (Fig. 18), it generally confirms the
analogy with the Fennoscandian uplift as to the presence of
local glaciation centers and postglacial polygonal mosaic
patterns, as well as oval Bouguer anomalies at the crust-
mantle boundary above these centers.

DISCUSSION AND CONCLUSIONS

Recent overviews have given much attention to the rate
and amount of current postglacial uplift evaluated using
GPS (Fig. 2), as well as to related seismicity (Olsen, 1988;
Fjeldskaar et al., 2000; Milne et al., 2001; Johansson et al.,
2002; Ojala et al., 2004; Lidberg et al., 2010; Simon et al.,
2018). Yet, detailed maps of gravity anomalies based on
spaceborne data and advanced global models remain insuf-
ficiently used, possibly because no global models of the
gravity field that would approach the 1:1000000 resolution
of the Bouguer gravity maps (suitable for tectonic division)
were available before the publication of the WGM 2008
model with averaging over a 5" grid.

The response of the crust to ice loading and unloading
(Fig. 20) was associated with stress change from vertical
compression (subsidence) during glaciation to postglacial
decompression and extension (Johnston et al., 1998; Stewart
et al., 2000; Ojala et al., 2004; Simon et al., 2018). Impor-
tantly, compression rejuvenated preexisting fractures while
extension initiated uplift in a system of blocks, such as Nor-
wegian fjords in the center and local extension fractures on
the periphery (Figs. 3, 10a, b, 15b, ¢), which is confirmed by
a contrasting polygonal pattern in gravity maps. The glacial-
postglacial subsidence and uplift can be expected to reacti-
vate a part of older tectonic structures.

Ice loading modified preglaciation structures resulting
from thickening at the crustal base and others (Figs. 5, 9,
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Fig. 18. Free-air gravity anomalies of the Great Lakes area, North America. Compiled with reference to the DTU15 global model (Anderson and
Knudsen, 2016). Thin lines: polygonal mosaic pattern within the zone of Wisconsin glaciation and between tectonic belts (northeastern and south-
southwestern corners); white contour: geological map of Fig. 17. Black dash and solid lines: limits of Wisconsin (Dyke, 2004) and Illinois (Lar-

son, 2011) glaciations, respectively.

18), which produced deep structures similar to the shallow
ones. The similarity between structures in the upper, middle,
and lower crust is of course incomplete (Figs. 5, 9, 15, 18).
As we have found out, the upper crust and lower crust fea-
tures (oval structures and blocks) of the postglacial defor-
mation pattern appear, respectively, in the free-air (Figs. 4,
8, 14, 18) and Bouguer (Figs. 5, 9, 15) gravity anomalies in
the digital maps compiled with reference to global models
based on spaceborne data. More complete interpretation re-
quires joint use of geological data and modeling.
According to the model of a multistage glaciation history
(Fig. 2), the formation of ice sheets in Eurasia peaked at

120-150 kyr BP, 80-90, about 60 and 20 kyr BP. They were
the thickest and largest at 140 kyr BP, reduced to 15% of the
former area in Europe (part of Fennoscandia) at 80-90 kyr
BP, and recovered to 70-80% at ca. 20 kyr BP; the Kara ice
sheet in Asia became only ~30% smaller at 80-90 kyr BP
and reduced to 35-40% of its former area at 20 kyr BP
(Fig. 1). As a result, multiple glacial centers with different
ice thickness appeared and disappeared, migrated over the
territory (Grosswald, 1999; Ojala et al., 2004; Svendsen et
al., 2004; Simon et al., 2018; etc.).

Modeling of the Fennoscandian ice sheet history (Siegert
et al., 2001; Svendsen et al., 2004) indicates that ice was the
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Fig. 19. Elevations and free-air and Bouguer gravity anomalies along profiles 1 and 2. Thin black lines: smoothed gravity profiles; heavy black
line: approximating spline of elevations. For location of profiles see Fig. 18.

thickest (3100 m) in South Norway at 140 kyr BP; then the
maximum moved to Finland at 90 kyr BP and to the bound-
ary between South Sweden and Norway at 60 kyr BP
(1750 m the thickest); 20—15 kyr BP, the thickest ice of
2800 m was within the Gulf of Bothnia, i.e., near points 1, 3,
4 and 6 in Fig. 2. It reached the maximum thickness of
>2800 m as centers 1, 3 and 6 coalesced (Siegert et al., 1999).
The center with 2.6 km thick ice was in South Sweden when
the last ice sheet began melting 14 kyr BP ago; then it moved
to the Baltic Sea at 12 kyr BP, and then to North Finland at
11 kyr BP, where its thickness reduced to 1.5 km; most of the
ice had melted about 9 kyr BP (Forman et al., 2004).
Understanding which event of the ice sheet history caused
the greatest influence on the gravity pattern requires additio-
nal data. Most likely, it was a joint effect of several events,
but one or another was predominant in each area. For in-
stance, the 80-90 and 120-140 kyr events left the most
prominent imprint in South Norway while Finland stores
mainly the record of the latest 15-20 kyr BP glaciation.

The problem can be solved by studying local tectonic and
seismicity effects (Fig. 21), including stress distribution:
main horizontal stress components (large arrows) and orien-
tations of compression (P, black dots) and tension (T, white
dots) axes (Simon et al., 2018). The polygons either traverse
earthquakes (or their clusters) or follow “average” structural
lines. In the pattern of principal stress tensor axes (Chen,
1991; Ojala et al., 2004; Simon et al., 2018), zones of nearly
zero stress (ovals in Fig. 215) match those with rare or ab-
sent structural lines (blue polygon contours in Fig. 21a). The
fields of predominant tensile stress (thin lines, blue shade)
are more abundant in northern Finland or are equal to the
fields of compression (heavy lines, green shade). The pat-
tern in Fig. 21 is consistent with the structural pattern of
Finland in Fig. 4. Since earthquakes characterize the current
stress patterns, the tectonic features (Figs. 4, 5) confirm that
they record present or recent deformation associated with
postglacial uplift. Figures 4, 5 and 21 do not match perfectly
because the structures in the gravity maps are multistage.
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The example models of Figs. 20 and 21 are rather an in-
troduction into the problem than a final solution. Like the
reported gravity maps, they provide the first but essential
contribution into understanding of postglacial uplift and the
related tectonic and deposition framework. However, gravi-
ty data cannot provide time constraints, which are especially
important when several postglacial uplift events are consid-
ered. No solution is however possible in this respect without
data on geology and geomorphology recorded in sediments
of different ages. The effect of these processes may be re-
lated with variable lithospheric viscosity.

We have gained some experience in the use of gravity
maps for analyzing zones of ongoing compression from
Lake Baikal to the Himalayas (Dobretsov et al., 2016, 2017;
Dobretsov and Vasilevskiy, 2018). The compressional struc-
tures of the Baikal, Tien Shan, Tarim, and Pamir regions
that formed as a remote response to the India—Asia collision
appear to be surprisingly similar to the extension structures
associated with postglacial uplift in Fennoscandia. This is
only geometrical similarity though, while the driving forces
and intensity of deformation differ markedly. Specifically,
the Baikal-type compression structures have distinct bound-
aries in gravity maps (almost without transition zones), and
are related to both uplift and deep subsidence. The similarity
of extension and compression structures in these geographi-
cally dispersed areas may be due to the presence of similar
pre-existing deformation patterns (Fig. 3) like that of the
East European craton.

The Scandinavian fragment of the International Tectonic
Map of the Arctic region (Petrov and Pubellier, 2018) juxta-
posed with our Bouguer gravity map (Fig. 5) in the south
(Fig. 22) show a good match, with oval and angular blocks
of different sizes. Structural similarity is likewise evident
within the Kola Peninsula (blue box), same as in the gravity
maps of Figs. 14 and 15. However, this issue is beyond the
present consideration and will be a subject of further re-
search. It will be interesting to discuss geotectonics in the
context of the deformation framework.

The paper has profited much from constructive criticism
by V.D. Suvorov and 1.D. Zolnikov, the reviewers, which
we greatly appreciate.

The study made part of Integration Project 51 run by the
Siberian Branch of the Russian Academy of Sciences and was
carried out on government assignment No. 0331-2019-0010.
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