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Today, the Arctic region is a fertile place for international scientific cooperation in
the field of earth sciences. A positive example of such cooperation is a bilateral
Russian-Finnish study in the field of geodesy carried out over two decades. The main
object of the joint Russian-Finnish research is the post-glacial uplift of Fennoscandia.
As a result of joint research, estimates of the velocities of the vertical movements of the
earth’s crust in the Northeast part of the region have been obtained. Regional map of
the recent vertical crustal movement is compiled. The results obtained are compared
with the existing geophysical models and estimates of other authors. High-precision

absolute measurements of the acceleration of gravity contribute to the independent
control of the estimates of the speeds of the post-glacial uplift. Much attention is
paid to the metrological control of measuring equipment. Bilateral and 1multilateral
comparisons of absolute gravimeters are periodically performed. The paper briefly
reviews the work carried out and the results obtained. International cooperation is

expected to continue.
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Introduction

One of the most interesting natural processes in
the European Arctic is the post-glacial rebound
(PGR) of Fennoscandia. It is occurring due to
the cessation of the ice age in this region, which
has started more than 10 thousand years ago, the
melting of the ice sheet and the resulting removal
of ice loads from the earth’s crust. The research
of this phenomenon go back three centuries of his-
tory. Scientists from Russia, the Scandinavian and
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Baltic countries and from all over the world have
studied this process in depth and in detail.

For a long time, rather little has been known
about the contemporary rates in the region of the
Kola Peninsula and in Eastern Fennoscandia. At
the beginning of this century, Finnish and Russian
geodesists organized joint studies of this territory
within the framework of the program of bilateral
scientific cooperation between the Finnish Geode-
tic Institute (now the Finnish Institute of Geospa-
tial Research) and the Central Research Institute
of Geodesy, Aerial Survey and Cartography of Rus-
sia (now the Federal Scientific Research Center of
Geodesy, Cartography and SDI).

Studies were conducted by investigating the ver-
tical movements of the earth’s crust using repeated
high-precision leveling, as well as repeated absolute
gravity measurements. Important elements of the
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Figure 1. Circuit closures of Russian-Finland lev-
eling connections.

research were also bilateral and multilateral com-
parisons of absolute gravimeters at points of state
gravimetric networks in order to reliably estimate
the accuracy of gravity measurements.

Leveling Network Combination and
Vertical Movement Analysis

To determine the vertical movements of the
earth’s crust, the national leveling networks of
the two states were united by seven leveling con-
nections across the Russian-Finnish state border
[Takalo et al., 2006]. The discrepancies between
the elevations of the two sides transmitted across Figure 2. The total levelling network and the
the border did not exceed 0.1 mm. The border tide gauges (open circles). In this paper only the
leveling circuits are shown at As a result, Baltic tide gauge rates are used. For the purposes

. . . of the adjustment, the a-priori standard error of
an integrated network of highest-order leveling of 0.5 mm/year was assigned to them. The presen-

Finland and leveling of T and II orders of Rus- tation of the network is schematic, straight lines
sia of 42 level polygons was formed (Figure 2)). The connect the nodal points.

2 0of 8



ES5003 KAFTAN AND MAKINEN: FENNOSCANDIAN UPLIFT STUDY

<

o

oy Qw\é/

4 lin
JGQ(_%%. “t

No? 7

ES5003

CpesHUERS
MaFE

,ern?vﬁw
,
=7

A/Z

BUHCHHA SARNE

o B
Q,j\__,k_}(\‘ -
S T .

@

T

<
% o m L 1
o - omhefo
- 1 = 5
B [ .
o
i o
e TR N e

Figure 3. Map of the velocities of the vertical recent crustal movements of the region

compiled by TsNIIGAiK. Interval between isolines is 1 mm/yr.
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Figure 4. The arrows give the residuals of our
result w.r.t. the model of Glacial Isostatic Adjust-
ment (GIA) by Lambeck et al. [1998]. The isolines

were digitized from the paper. The —2 mm/year
isoline is our own extrapolation Most of our TG
rates were used in the construction of the GIA
model. The green circles show our formal 1-sigma
error estimates.

largest time span of the leveling repetitions was ob-
tained within 1937-1991. The velocities of the ver-
tical movements were obtained within the specified
interval. The length of the leveling lines was equal
to 11.6 thousand km (Russia) and 7.9 thousand km
(Finland).

To determine the velocities of vertical move-
ments, sea level observations were used at the tide
gauges of the Baltic, Barents and White seas. The
joint adjustment of the re-leveling using tide gauges
was carried out according to a specially developed
technique that takes into account time-varying and
two or three repetitions of the leveling. The adjust-
ment algorithm is based on the application of the
combined observation equations to the measured
elevations taking into account the velocities and ac-
celerations of the vertical movements of the earth’s
crust. As a result, maps of the vertical movements
of the crust of the region were obtained. The rates
of vertical movements were obtained in the range
from —5 to 7 mm/year. Accuracy of determining
velocities according to estimates from adjustment
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Figure 5. The same rates as in but resid-

uals are w.r.t. to the hybrid model of vertical mo-
tion NKG2005LU (version NKG2005LU _app rela-

tive to MSL) by Vestol [2006] and Agren and Svens-
son [2007]. The NKG2005LU merges results from
TGs, repeated levelling and continuous GPS in

Finland and other Nordic counties with the Lam-
beck et al. [1998| isolines in the east. The Finnish

repeated levelling and TG data (same as ours) was
used in the construction of the model.

is obtained equal to 1.1 mm/km for Finnish and
1.9-2.7 mm/km for T and II classes of Russian level-
ing, respectively. The regional vertical earth crust
velocity map (Figure 3)) is the result of Russian-
Finnish leveling study.

The FGI in its processing used three precise lev-
ellings of Finland with observation epochs ranging
from 1892 to 2006. Based on a variance component-
estimation [Mdkinen and Saaranen, , the fol-
lowing a-priori standard uncertainties were applied:
2.0, 0.6, and 0.9 mm/km'/?, for the lines of the
First, Second, and Third levelling, respectively.
The vertical velocities were referred to rates rela-
tive to the mean sea level for the period 1892-1991
using the methods and in part also the results by
Ekman . All tide gauge rates were assigned
the a-priori standard uncertainty 0.5 mm/yr. The
standard error of weight unit from the adjustment
was 1.1. The formal a-posteriori standard uncer-
tainties of the vertical velocities are shown in
It is the same for [Figure 4HFigure 9|
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Figure 6. The same rates but residuals are now
relative to the GIA model by Milne et al. (2001).
The “absolute” GIA rates relative to the Earth’s
center of mass were converted to rates relative to
MSL assuming a geoid rise of 6% of the absolute
rates and a MSL rise of 1.3 mm/yr (1892-1991).

1T 1.0 mm/yr

Figure 7. The same rates but the residuals are
here relative to the GIA model ICE-5G (VMZ2) by
Peltier [2004]. Same conversion as in

There are several models of the postglacial re-
bound (PGR) of Fennoscandia (Figure 4-{Figure 9)).
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Figure 8. The residuals are relative to the GIA
model ICE-6G_C (VMb5a) by Argus et al. [2014]
and Peltier et al. [2015]. From model rates relative
to the geoid 1.3 mm/yr was subtracted to account
for the rise in MSL (1892-1991).

Originally [Mikinen et al.,[2008b] we used the geo-
physical models by Lambeck et al. [1998], Milne
et al. [2001], and the ICE-5G (VM2) by Peltier
[2004]. These are comprehensive models of the pro-
cess of glacial isostatic adjustment (GIA) and pre-
dict, among other things, vertical velocities. In ad-
dition, the kinematic model NKG2005LU of verti-
cal velocities by Vestal and Agren and Svens-
son was applied. In it, empirical velocities
from GNSS, tide gauges, and precise levelling were
complemented by the geophysical model by Lam-
beck et al. in areas of missing empirical data.
Since 2008, many new PGR models have been
published. Of particular interest are the GIA model
ICE-6G_C(VMba) by Argus et al. and Peltier
et al. [2015] in [Figure 8 and the new hybrid
model NKG2016LU (Figure 9). The hybrid model
is based on the merging of the GIA model of Steffen
et al. [2016] with observed contemporary vertical
velocities [ Vestol et al.,[2006]. In Northwest Russia
the NKG2016LU is based on the GIA model only.
When comparing our velocities with the PGR
models the references of the velocities must be
taken into account. The model by Lambeck et
al. and the NKG2006_app have the same
MSL reference as our velocities (“apparent up-
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Figure 9. The residuals are relative to the hybrid
model NKG2016LU (version KG2016LU lev rela-
tive to the geoid). We have subtracted 1.3 mm/yr
to account for the rise in MSL (1892-1991).

lift”). The results we have from Milne et al.
provide the velocity relative to the Earth’s cen-
ter of mass (“absolute uplift”) as does the ICE-
5G(VM2). We have used a geoid rise of 6% of the
absolute rates and a MSL rise of 1.3 mm /yr (1892
1991) to convert them to apparent land uplift.
For the NKG2016LU and the ICE-6G_C(VMb5a) we
have used the versions relative to the geoid and sub-
tracted 1.3 mm/yr. In all cases (Figure 4-Figure 8§|)
we plot the isolines after the conversion, for direct
comparability.

There are appreciable differences between the
PGR models which is visible in their comparison
to our velocities [Mdkinen et al., 2008]. The
best consistency was obtained with respect to the
NKG2016. In Finland its fit is very good which is
largely explained by the fact that it uses the same
repeated levelling data as we. In the territory of
Karelia its fit is reasonable but discrepancies re-
main in the south and in the Kola Peninsula. A
possible explanation for this effect may be the in-
fluence of exogenous factors on the stability of lev-
eling benchmarks in sediments and non-solid rocks.
This requires further investigation.
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Figure 10. Absolute gravity stations of the
Russian-Finnish geodetic study.

Gravimetric Studies

An independent method for estimating the rates
of vertical movements is to re-determine the ac-
celeration of gravity, which should decrease on the
earth’s surface as it rises. To take an example,
in the central area of the regional uplift (in Fin-
land and Sweden) where the rebound rates are of
the order of 10 mm/yr, absolute measurements of
gravity have been repeated for up to 30 years al-
ready. Maximum rates of gravity change at the
different stations are —1.5 to —2 pGal/yr with
a standard uncertainty of 0.1-0.2 pGal/yr. This
is in good agreement with vertical velocities ac-
cording to GNSS data, repeated leveling, and tide
gauges. Recently, a comprehensive summary of the
absolute-gravity results in the Nordic and Baltic
countries was published by Olsson et al. .

International comparisons of absolute gravime-
ters were carried out to assess their metrologi-
cal characteristics at Russian (Pulkovo, Svetloye,
Lovozero, Zvenigorod, TsNIIGAiK) and Finnish
(Metsiahovi) reference gravimetric sites [Mdkinen

et al., [2008a, [2016]. Gravimeters FG5 (manufac-
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tured in the USA, Micro-g Lacoste), GBLP 001,
GBL-M 002, GABL-PM, GABL-M (made in Rus-
sia, TAE SB RAS) participated in the comparisons.
The new ballistic gravimeter GABL-M was tested
especially in the Arctic conditions [Yushkin et al.,
2012]. The comparisons were purposefully carried
out at sites with different physiographic
conditions [Mdkinen et al., 2016]. Metrological es-
timates of the accuracy of all types of gravimeters
were obtained and the levels of their accuracy and
the possibility of using them in precision measure-
ments were confirmed.

Conclusion

Joint Russian-Finnish studies of the Fennoscan-
dian uplift have demonstrated considerable poten-
tial for scientific cooperation in the Arctic region
and adjacent territories. Repeated leveling in the
north-west of Russia could fruitfully complement
the so-called Baltic Leveling Ring [Mdkinen et al.,
. In this case, a network of regional observa-
tions of the postglacial uplift would be a more com-
plete and perfect geodetic construction. Repeated
absolute determinations of gravity are expected to
continue in order to supplement the overall compo-
sition of the research with new high-precision data.

In recent years, the Russian-Finnish cooperation
continues the study of the metrological characteris-
tics of precision absolute gravity meters and the de-
velopment of technologies for the creation of state
and international gravity reference frames.
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