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A B S T R A C T   

Fennoscandia is continuously uplifting in response to past deglaciation, termed glacial isostatic adjustment or 
GIA, and its mantle viscosity is well constrained from ice sheet and sea level data. Here, we compare those GIA- 
constrained viscosities for the Fennoscandian upper mantle with geophysically-constrained viscosities. We 
construct the upper mantle viscosity structure of Fennoscandia by inferring temperature and water content from 
seismic and magnetotelluric (MT) data. Using a 1-D MT model for Fennoscandian cratons together with a global 
seismic model, we infer an upper mantle viscosity (below 250 km) of ~1021±2 Pa⋅s, which encompasses the GIA- 
constrained viscosities of 1020 − 1021 Pa⋅s. The GIA viscosities are better matched if the Fennoscandian upper 
mantle is a wet harzburgite or a dry pyrolite, where pyrolite is ~10 times more viscous than harzburgite. Using 
the average temperatures and water contents for harzburgitic upper mantle, the GIA viscosities require 1–4 mm 
grain sizes indicating a diffusion creep regime. In northwestern Fennoscandia, where a high-resolution 2-D re
sistivity model is available, greater inferred mantle water content implies viscosities that are 10–100 times lower 
than those for the Fennoscandian Craton. Our work suggests that the combination of seismic and MT observa
tions can improve upper mantle viscosity estimates, especially for regions with laterally-varying viscosity 
structures or where GIA constraints are not available. Although our method represents an important step for
ward, viscosity uncertainty can be further reduced by incorporating additional constraints on rock composition, 
grain size and mantle stress, as well as more accurate geophysical data, into the viscosity calculation.   

1. Introduction 

Fennoscandia, the northwestern part of the Precambrian East Euro
pean Craton (see e.g., Bogdanova et al., 1996; Mints et al., 2020 for more 
details), is continuously uplifting in response to past deglaciation 
through the process of glacial isostatic adjustment (GIA, e.g., Milne 
et al., 2001; Lidberg et al., 2007). The observed surface uplift rates 
measured by geodesy are fastest around central Sweden and the Gulf of 
Bothnia, which was the position of the maximum ice load during the last 
glacial maximum (~21 ka), and decrease away from this region (e.g., 
Vestøl et al., 2019). Such uplift patterns can be predicted by GIA models, 
which take as input an ice and ocean loading history as well as a model 
for Earth’s interior structure and rheology, which can vary both laterally 

and radially. The Earth deformation computed from the GIA model 
predicts patterns of surface uplift and subsidence, as well as horizontal 
motions, lithospheric stresses, and temporal changes in Earth’s gravity, 
geoid and rotation, all of which can be compared to Earth observations 
(Whitehouse, 2018). In this way, geodetically-constrained velocity fields 
like those in Fennoscandia (including horizontal crustal motion) place 
constraints on the inputs to the GIA model: either the ice load history or 
Earth’s viscoelastic structure (e.g., Milne et al., 2001; Steffen and 
Kaufmann, 2005; Hill et al., 2010; Kierulf et al., 2014). However, geo
dynamic processes, such as tectonic deformation, can also affect 
observed velocities (e.g., Marotta et al., 2004). There is therefore a need 
for a robust technique to extract GIA-related velocity fields (e.g., 
Johansson et al., 2002; Lidberg et al., 2007; Hill et al., 2010; Kierulf 
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et al., 2014) from the total velocity fields measured with geodetic data. 
Deformation predicted by GIA models includes uncertainties asso

ciated with uncertain ice-load history (e.g., Stroeven et al., 2016), 
sediment loads (e.g., van der Wal and Ijpelaar, 2017), and Earth struc
ture (including lithospheric thickness, density, elastic and viscous 
structures). This uncertainty could be reduced if these inputs to GIA 
models could be better constrained. Here we consider Earth’s hetero
geneous viscosity structure, which is difficult to constrain and is 
commonly estimated from laboratory-derived flow laws or from surface 
deformations related to geodynamic processes, such as GIA. Where 
changes in surface load and the consequent changes in surface elevation 
can be estimated, the Earth’s viscoelastic structure can be calculated, 
usually in the form of a radial 1-D Earth model with the lithosphere, 
upper mantle and lower mantle as main layers. However, different 
lithospheric thicknesses result in different upper mantle viscosities (e.g., 
Steffen and Wu, 2011), which add uncertainty into GIA-constrained 
viscosity models. Indeed, seismic tomography models show that litho
spheric thickness varies across Fennoscandia (e.g., Calcagnile, 1982; 
Mauerberger et al., 2022), indicating the existence of lateral heteroge
neities that are difficult to implement in a simple Earth model and 
instead require a robust 3-D Earth model (e.g., Steffen et al., 2006; 
Kaufmann and Wu, 2002a; Whitehouse et al., 2006; Austermann et al., 
2021; Weerdesteijn et al., 2023). Although mantle viscosities calculated 
from GIA can be used to constrain lithospheric thickness, reported 
values are different for different GIA models because of differences in 
the quality and type of GIA data used, and different choices for free 
parameters used in the modeling. 

Since Haskell (1935) estimated the mantle viscosity at 1021 Pa⋅s 
using decay times of relative sea level (RSL) profiles in Scandinavia, 
Fennoscandia has been a well-studied region for GIA and its associated 
viscoelastic structure because of numerous datasets and field observa
tions (e.g., Forte and Mitrovica, 1996; Lambeck et al., 1998a; Milne 
et al., 2001; Steffen and Kaufmann, 2005; Steffen et al., 2010). Despite 
the above-mentioned uncertainties, constraining viscosity for Fenno
scandia using GIA data, such as sea level and geodetic data, results in a 
radial viscosity profile with an upper mantle viscosity around (4 − 10)×
1020 Pa⋅s beneath ~120 km thick lithosphere (e.g., Forte and Mitrovica, 
1996; Milne et al., 2001; Steffen and Kaufmann, 2005). Although sea- 
level data for Fennoscandia are well-documented (e.g., Lambeck et al., 
1998a, 1998b, 2010; Rosentau et al., 2021; Creel et al., 2022) and robust 
geodetic data are available, such depth-insensitive constraints still limit 
our ability to constrain any viscosity variations (e.g., Paulson et al., 
2005; Kaufmann and Wu, 2002b). Thus, in this study, we aim to 
constrain the Fennoscandian upper mantle viscosity structure and its 
lateral heterogeneities using geophysical observations that are inde
pendent of any GIA data. We will compare these viscosity predictions to 
GIA-constrained viscosities (e.g., Forte and Mitrovica, 1996; Steffen and 
Kaufmann, 2005). From this comparison, we assess the utility and lim
itations of geophysically-based methods to constrain mantle viscosity 
before applying these methods to regions without or with limited GIA 
constraints, such as Greenland and Antarctica. 

To constrain mantle viscosity and its lateral heterogeneities, we use 
seismic and magnetotelluric (MT) data, which constrain lateral and 
radial variations in mantle parameters that are related to viscosity (e.g., 
Schotman et al., 2009; Barnhoorn et al., 2011; O’Donnell et al., 2017; 
Ramirez et al., 2022). By following the method of Ramirez et al. (2022), 
we infer thermal structures and water content distributions in the Fen
noscandian upper mantle from seismic and MT observations and inte
grate them into Newtonian and non-Newtonian olivine flow laws (e.g., 
Hirth and Kohlstedt, 2003) to estimate mantle viscosity. From this, we 
may address the open question of whether a low-viscosity asthenosphere 
is present (e.g., Fjeldskaar, 1997; Schotman et al., 2009) or absent (e.g., 
Milne et al., 2004; Steffen and Kaufmann, 2005) beneath Fennoscandia. 
We also investigate the effect of bulk composition and attempt to 
determine whether the upper mantle of Fennoscandia is dry (Dixon 
et al., 2004) or wet (e.g., Kukkonen et al., 2003; Barnhoorn et al., 2011) 

using the available MT data. 

2. Methodology 

2.1. Geophysically-constrained viscosity calculation 

We employ the method of Ramirez et al. (2022) where (i) tempera
ture is inferred from seismic data using mineralogical models derived 
from HeFESTo (Stixrude and Lithgow-Bertelloni, 2005, 2011), (ii) water 
content is constrained from available MT observations using MATE 
(Özaydin and Selway, 2020), and, where relevant, the results tighten the 
seismic temperature calculation, and then (iii) the viscosity structure is 
constructed using the inferred thermal structure and water content 
distributions (e.g., Hirth and Kohlstedt, 2003). 

The thermodynamic model HeFESTo is used to estimate seismic ve
locities, particularly the shear wave velocity vS, for a given bulk 
composition and a range of pressure and temperature values. We have 
assumed three rock compositions that are geologically common repre
sentatives for the upper mantle: pure olivine, harzburgite and pyrolite. 
Using the global Q model of Romanowicz (1995), we adjust the 
modelled vS values with the dispersion due to attenuation so that they 
can be directly compared to those published in seismic tomographic 
models. The observed vS values at different depths or pressures obtained 
from seismic tomography are then converted to temperature by per
forming a grid search in a pressure-temperature space for HeFESTo- 
modelled vS values for a certain bulk composition. The conversion of 
seismic velocity to temperature at a given depth or pressure using 
HeFESTo assumes that all grains are randomly oriented. So, care should 
be taken when interpreting numerical results from our conversion, 
particularly when seismic anisotropy is significant. The seismically- 
inferred temperatures and the corresponding modal mineralogies are 
used as inputs in the MATE software to calculate the water contents 
associated with the modelled electrical resistivities from MT data. We 
utilize the unified olivine conductivity model of Gardés et al. (2014) and 
other model choices detailed in Ramirez et al. (2022) to calculate bulk 
electrical resistivities. Since we use olivine flow laws, we extract the 
water content in olivine for further analysis. 

For the viscosity calculation, we employ olivine flow laws, as pre
sented in Hirth and Kohlstedt (2003). Here, we defined the effective 
viscosity for the mantle as: 

ηeff =
τ

ε̇diff + ε̇disl + ε̇disGBS
(1)  

where τ is differential stress, and ε̇diff + ε̇disl + ε̇disGBS is the total strain 
rate contributed by diffusion creep, dislocation creep and dislocation- 
accommodated grain boundary sliding, respectively. The strain rate – 
stress relationship for each deformation mechanism i is described by, 

ε̇i = Aiτni d− pi Cri
OHexp(αiϕ)exp

(

−
E*

i + PV*
i

RT

)

(2)  

and is controlled mainly by temperature T, water content COH, grain size 
d, melt fraction φ, differential stress τ, and pressure P. The pre- 
exponential factor A, activation energy E*, activation volume V*, 
stress exponent n, grain size exponent p, water content exponent r, and 
melt factor α are laboratory-derived for each deformation mechanism. 
Thus, each deformation mechanism has different sensitivities to mantle 
parameters. 

We assume that the upper mantle beneath Fennoscandia is melt-free, 
in agreement with retrieved xenolith samples (Kukkonen and Peltonen, 
1999). The different bulk compositions (pure olivine, harzburgite and 
pyrolite) are expected to affect seismic velocity and electrical conduc
tivity observations, and therefore the inferred temperature and water 
contents. In calculating upper mantle viscosity using Eqs. (1) and (2), we 
consider 1–10 mm grain-sizes as suggested from the xenolith data 
collected in Finland (Kukkonen and Peltonen, 1999) and garnet 
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peridotites from Norway (e.g., Cordellier et al., 1981) and assume that 
upper mantle rocks are under 1 MPa differential stress as computed from 
a 3-D finite element model for GIA (Barnhoorn et al., 2011). When using 
seismic constraints only in estimating viscosity, we assume dry to water- 
saturated conditions at every depth, where water saturation is calcu
lated using the Padrón-Navarta and Hermann (2017) formulation (e.g., 
Fig. 1). 

2.2. Seismic models as constraints 

In this study, we mainly use the global shear wave velocity model of 
Schaeffer and Lebedev (2013) due to its usefulness in providing 
geological interpretations and structures consistent with other obser
vational constraints (e.g., Klöcking et al., 2018; Davies et al., 2019; Ball 
et al., 2021) and good resolution at sub-lithospheric depths. The global 
seismic model shows lateral variations in shear wave velocity across 
Fennoscandia (e.g., ΔvSV~ 0.27 km/s at 190 km depth; Fig. 1a), which 
can be translated into variations in temperature (ΔT~ 600 K, Fig. 1 
middle panel), and so into viscosity (e.g., Δη~ 108 − 1010 for dry con
ditions, Fig. 1 right panel). These variations in temperature and viscosity 
differ for different bulk compositions. Calculations made assuming a 
pure olivine composition result in temperatures that are ~100 K lower 
than those assuming a peridotitic composition (harzburgite and pyro
lite), and therefore lead to higher viscosities (by factors of 10 − 1000, 
compare Figs. 1c and 1d to the rest of Fig. 1, right panel). In contrast, 
harzburgite and pyrolite have similar lateral distributions of tempera
ture and viscosity, with pyrolite typically ~ 30 K hotter (Figs. 1e and 
1h), and less viscous by a factor of 2 − 10 (e.g., Fig. 1f/1g vs. Fig. 1i/1j). 

From GIA observations, the cratonic interior of Fennoscandia is more 
viscous than the continental margins or along the western coast (e.g., 
Steffen et al., 2006; Whitehouse et al., 2006; Kaufmann and Wu, 2002a), 
which is consistent with our seismically-constrained viscosities for 
either dry or water-saturated conditions (right panel, Fig. 1). For 
instance, southern Norway has slower wave speeds compared to the 
interior of Fennoscandia, which may indicate that it is hotter and less 
viscous, leading to a faster GIA response to deglaciation (e.g., Weer
desteijn et al., 2022), if we assume that seismic anomalies are purely of 
thermal origin. 

In the remaining part of this paper, we mainly focus on the cratonic 
interior of Fennoscandia defined by the white polygon in Fig. 2a due to 
the available MT data (see Section 2.3 for details). We averaged the 
global seismic model of Schaeffer and Lebedev (2013) for that cratonic 
domain area (pale blue patch, Fig. 2b), and use that averaged velocity 
profile for thermal and viscosity calculations. We also use the regional 
seismic models (also vSV) of Maupin et al. (2022) for Norway-Sweden 
(pink line, Fig. 2b) and Bruneton et al. (2004) for Finland (turquoise 
green line) in constraining temperature and viscosity beneath these two 
areas (Fig. 2a), and compare these results with those for the cratonic 
domain. The shear wave velocity model for Finland reported in Brune
ton et al. (2004) is corrected for Q. Therefore, in order to be consistent 
with other models that have not been corrected for Q and with our 
procedure, we calculated the uncorrected velocities (turquoise green, 
Fig. 2b) following information given in Bruneton et al. (2004). 

Fig. 1. Inferred lateral variations in temperatures and viscosity at 190 km depth for Fennoscandia from seismic data only. (a) Shear wave velocities are from 
Schaeffer and Lebedev (2013) for 190 km depth. Different bulk compositions are considered when converting seismic velocity to temperature and calculating 
effective viscosities: (b-d) olivine, (e-g) harzburgite, and (h-j) pyrolite. Since water content is not constrained by seismic data, we assume dry (0 ppm H/Si) and water- 
saturated (> 1000 ppm H/Si; Padrón-Navarta and Hermann (2017) formulation) conditions. The effective viscosities are calculated for 10 mm grain size and 1 MPa 
stress. The contour intervals used are 0.01 km/s for shear wave velocities, 50 K for temperatures, and 1 log Pa⋅s for viscosities. 

F.D.C. Ramirez et al.                                                                                                                                                                                                                           



Physics of the Earth and Planetary Interiors 351 (2024) 107178

4

2.3. MT models as constraints 

When constraining the water content beneath Fennoscandian cra
tons (including Norway-Sweden and Finland) using MT data, we are 
limited to a 1-D electrical resistivity profile (blue solid line, Fig. 2c), 
which is an average calculated by Varentsov et al. (2002) from different 
resistivity models obtained mostly in the Fennoscandian cratonic 
domain (indicated by the white polygon in Fig. 2a). Using the averaged 
1-D resistivity profile (Fig. 2c) together with the averaged velocity 
profiles for the cratonic domain, Norway-Sweden and Finland (Fig. 2b), 

we can estimate the associated water content and viscosity structure for 
each area and compare it with GIA-constrained radial viscosity profiles. 

Due to data availability, we can only present detailed lateral varia
tions in viscosities using both seismic and MT observations for the 
northwestern part of Fennoscandia, where 2-D electrical resistivity 
profiles with good depth resolution down to 400 km are available 
(Cherevatova et al., 2015). Since the 2-D MT and global seismic models 
have different lateral resolutions depending on the distributions of sites 
used in the inversions, we interpolated these models with grid sizes of 10 
km × 10 km beneath profiles P1, P2 and P3 (Figs. 2d to 2i; location 

Fig. 2. (a) Different areas across Fennoscandia considered in our viscosity calculation: cratonic domain (solid white polygon), Norway-Sweden (solid pink polygon), 
Finland (blue green polygon), and straight line profiles (light green lines, labelled P1, P2, and P3) in northwestern Fennoscandia (dotted white polygon) with 
indicated MT sites (yellow dots) used to constrain 2-D electrical resistivity models (Cherevatova et al., 2015; panels g – i). (b) Shear wave velocities are averaged for 
the areas indicated in panel (a). The shear wave velocities for the cratonic domain are derived from the global seismic model of Schaeffer and Lebedev (2013), while 
those for Norway-Sweden and Finland are from regional seismic model of Maupin et al. (2022) and Bruneton et al. (2004), respectively. The shear wave velocity 
bounds for the cratonic domain (blue patch) are 1σ from the average line. (c) A 1-D electrical resistivity model for the cratonic domain from Varentsov et al. (2002). 
This resistivity model is also used together with regional seismic models for Norway-Sweden and Finland. The detailed 2-D shear wave velocity (d - f) and electrical 
resistivity (g – i) profiles for each profile in northwestern Fennoscandia (P1, P2, and P3) have 10 km × 10 km grid size. Points A, B, C and D are indicated here for 
discussion purposes in Section 3.3. Note that lines AB and CD are not included in the cratonic domain. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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shown in Fig. 2a). 

3. Constraints on upper mantle viscosity using both seismic and 
MT observations 

We need both seismic and MT data to put tighter bounds on the 
Fennoscandian upper mantle viscosity. Here we show the utility of the 
method of Ramirez et al. (2022) by comparing the viscosities estimated 
from geophysical data with those from GIA. We demonstrate the vis
cosity estimates when using global (Section 3.1) and regional (Section 
3.2) seismic models paired with a 1-D MT model and using 2-D MT 
models (Section 3.3). 

3.1. A 1-D viscosity model for the entire cratonic domain of Fennoscandia 

Here we present our inferred temperature, water content and vis
cosity profiles with associated uncertainties when using seismics only 
(Figs. 3a – 3d) and when combining seismics and MT (Figs. 3e – 3h). 
When using only seismic constraints to calculate viscosities, the calcu
lated viscosity structures have large uncertainties (up to ~10±4 Pa⋅s in 
some parts of the model space; Fig. 3d) because water content is un
constrained (Fig. 3b). Apart from temperature and water content, the 
magnitudes of viscosity also depend on the assumed bulk composition of 
the upper mantle. A pure olivine upper mantle is colder and more 
viscous than harzburgite or pyrolite, and shows average viscosity (green 
line, Fig. 3c) 100–10,000 times higher than GIA-constrained profiles 

(FM96 and SK05; Forte and Mitrovica, 1996 and Steffen and Kaufmann, 
2005). In contrast, the average viscosity profiles for both harzburgite 
(blue line) and pyrolite (red line) below 250 km are less than a factor of 
10 different than the FM96 and SK05 viscosity models. They can match 
FM96 and SK05 models (1020 − 1021 Pa⋅s) if the upper mantle is 
interpreted to be wet as constrained by seismic and MT models. 

When MT data are included into our viscosity estimates (Figs. 3e– 
3h), the temperatures may or may not be further constrained, depending 
on the composition and the compatibility of seismic and MT data 
(Fig. 3e), and the water content distribution is more tightly bounded 
(Fig. 3f). These constraints significantly reduce the viscosity uncertainty 
(~10±2 Pa⋅s; Fig. 3h) and improve the fit to GIA-constrained viscosity 
profiles (FM96 and SK05), particularly between 150 and 250 km. The 
colder and wetter pure olivine profile is more viscous and has larger 
viscosity uncertainty than harzburgite and pyrolite (Figs. 3g and 3h). 
Consistently, the average viscosities for a pure olivine model are larger 
than the GIA-constrained viscosity models by factors of ~3 − 1000. This 
implies that pure olivine is not a good representative composition for the 
upper mantle, as expected. On the other hand, average viscosities 
assuming pyrolite (1021.1 − 1022.1 Pa⋅s) and especially harzburgite 
(1020.4 − 1021.6 Pa⋅s) are closer to the FM96 and SK05 models (1020 −

1021 Pa⋅s), particularly below 250 km. For both compositions, viscosity 
structures derived from seismic and MT observations match GIA esti
mates for viscosity, despite a higher water content for harzburgite below 
250 km (Fig. 3g). The MT constraints indicate wet conditions between 
150 and 250 km (regardless of composition), which strongly supports 

Fig. 3. Inferred temperature and water content, and constructed viscosities from (a-d) seismic, and (e-h) both seismic and MT data for Fennoscandian 
cratons. (a) The thermal structures for different bulk compositions (Ol = olivine, Ha = harzburgite, Py = pyrolite) are inferred from shear wave velocities for the 
cratonic domain in Fig. 2b using HeFESTo. Lithospheric temperature estimates from mantle xenoliths using BKN (grey circles) and FB (black squares) thermobar
ometers (details in Kukkonen and Peltonen, 1999) and from heat flow data for Fennoscandia (dashed and dotted grey lines; Veikkolainen et al., 2017) are shown here 
for comparison (detailed discussion in Section 4.2). (b) The water content for each composition ranges from 0 ppm H/Si to water-saturation is assumed since water 
content is not constrained by seismics. The water saturation condition is quantified using the Padrón-Navarta and Hermann (2017) formulation. (c) The constructed 
effective viscosities are calculated using (a) and (b), with corresponding large viscosity uncertainties (d). When integrating MT data, we obtain better constraints on 
the temperature (e) and water content (f) profiles, and viscosity structures (g), resulting in reduced viscosity uncertainties (h). The constructed viscosities are 
calculated for 1–10 mm grain sizes and 1 MPa stress. The FM96 (Forte and Mitrovica, 1996) and SK05 (Steffen and Kaufmann, 2005) viscosity profiles are GIA- 
constrained. 
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the conclusion of Kukkonen et al. (2003) that the lithospheric mantle is 
wet (100–1000 ppm H/Si) based on observations of decrepitated fluid 
inclusions in mantle xenoliths. Consistently, the SK05 and FM96 models 
lie on the low end of the viscosity estimates for harzburgite and pyrolite, 
respectively (Fig. 3g). Between 90 and 170 km depth, there is an in
compatibility between the seismic and MT data using our method 
because the seismically-inferred temperatures cannot produce the rela
tively low observed electrical resistivities, even for water-saturated 
conditions (discussion in Section 5.2). 

3.2. 1-D viscosity models beneath Finland and Norway-Sweden 

For Finland and for Norway-Sweden, two average 1-D shear wave 
velocity models are available (Fig. 2b; Bruneton et al., 2004; Maupin 
et al., 2022). Here we compare viscosity estimates based on these 
regional seismic models with those based on the global seismic model for 
the cratonic domain (Fig. 4). These different seismic models yield 
different thermal profiles (Fig. 4a) and different water contents (Fig. 4b) 
when integrated with the same 1-D MT model (Fig. 2c). The cratonic 
domain has higher velocities than Norway-Sweden (pink line) but is 
comparable with Finland (turquoise green line). These high velocities 
are expected for the cratonic domain because regions in southern Swe
den and a portion of northern Norway with relatively low velocities 
(Fig. 1a) are excluded when we extracted the seismic-depth profile for 
the cratonic domain from the global seismic model. Consequently, the 
cratonic domain reflects intermediate temperatures and water contents 
between those for Norway-Sweden and Finland (Figs. 4a and 4b), indi
cating that Norway-Sweden may reflect maximum temperature bounds 
while Finland reflects minimum temperature bounds. 

Lithospheric temperatures constrained for Norway-Sweden from the 
regional seismic models are consistent with those derived from Finland 
xenoliths (grey dots, Fig. 4), while Finland is interpreted to be colder. 
However, the deeper seismically inferred Norway-Sweden mantle geo
therm seems to be unrealistic since temperature decreases at depths 
greater than ~250 km instead of following an adiabat. Regional seismic 
velocity models for sub-lithospheric depths in Maupin et al. (2022) have 
very large reported uncertainties (i.e., ±0.13 km/s to ±0.32 km/s, 
which translate into approximately ±350 K to ±900 K). These large 
velocity uncertainties indicate that the constrained high temperatures 
for the Norway-Sweden upper mantle are not reliable. Consequently, 
these unrealistic high mantle temperatures of Norway-Sweden cannot 
constrain water contents (pink line, Fig. 4b) and viscosities (pink patch, 
Fig. 4c). The incapability of converting the electrical resistivity model 

into water content may also be due to the unrealistically high temper
atures or may alternatively indicate that the 1-D MT model used in the 
calculation is not applicable to all Norway-Sweden areas. 

The Norway-Sweden region shows a positive radial anisotropy, 
where vSH waves are faster than vSV by 2% - 3% (Maupin et al., 2022), 
consistent with other recent regional seismic studies (e.g., Eken et al., 
2008; Lebedev et al., 2009; Vinnik et al., 2014). When accounting for 
this seismic radial anisotropy in our temperature calculation, our 
inference has improved (yellow lines, Fig. 4). Since HeFESTo assumes 
isotropic minerals, we estimate the Voigt shear wave velocity as an 
effective isotropic velocity vS using the Babuska and Cara (1991) 
formulation and use this calculated vS to infer a new temperature. 
Because of significant radial anisotropy, Voigt vS is expected to be larger 
than vSV . Thus, the Voigt vS translates into lower temperatures than 
those derived directly from vSV (yellow vs. pink lines, Fig. 4a). This 
colder geotherm provides better constraints on water content and vis
cosity in the upper mantle of Norway-Sweden (below 250 km; yellow 
line, Figs. 4b and 4c), where it is interpreted as dry and its viscosity 
structure coincides with the cratonic domain. 

Seismic velocities for Finland are slightly higher than average ve
locities for the cratonic domain, resulting in a slightly colder, wetter and 
more viscous upper mantle (turquoise green vs. blue lines, Fig. 4). As 
expected, these minimal differences between Finland and the cratonic 
domain result in an overlapping viscosity structure. We infer a similar 
viscosity structure for Finland (not shown), still slightly more viscous 
than for the cratonic domain, when using the Q-corrected velocity 
profile in Bruneton et al. (2004). Considering the observed radial 
anisotropy (above 200 km; Pedersen et al., 2006) for Finland lithosphere 
in our temperature calculation, we expect a decrease in temperature and 
an increase in water content, and potentially an increase in Finland’s 
lithospheric viscosity as well. This illustrates that using regional seismic 
models for inferring temperatures is challenging and that the co-location 
of 1-D averaged seismic and MT models might be a limiting factor. 

3.3. 2-D viscosity models beneath northwestern Fennoscandia 

To interrogate lateral variations more thoroughly, 2-D models of 
temperature, water content and viscosity were calculated along three 
profiles (P1, P2 and P3, Fig. 5) where 2-D MT data are available. These 
calculations were made using seismic velocities (Schaeffer and Lebedev, 
2013) and electrical resistivities at 10 km × 10 km regularly spaced 
intervals extracted from the original geophysical models (Figs. 2d to 2i), 
assuming a harzburgite composition, 10 mm grain sizes and 1 MPa 

Fig. 4. Constraints from regional versus global seismic models. (a) Temperatures inferred from vertical shear wave velocity models in Fig. 2b for Norway- 
Sweden (pink line), Finland (green line) and the cratonic domain (blue patch) for a harzburgite composition. The yellow profiles are inferred for Norway- 
Sweden using Voigt shear wave velocities to account for strong radial anisotropy. The grey data points are xenolith temperatures from Kukkonen and Peltonen 
(1999). The thermal structures, combined with the 1-D MT model for Fennoscandia (Fig. 2c) result in water content estimates in (b). The temperatures in (a), water 
contents in (b), a stress of 1 MPa, and 1–10 mm grain sizes produce viscosity structures for harzburgitic upper mantle in (c). As in Fig. 3, FM96 and SK05 are GIA- 
constrained viscosity profiles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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stress. The observed incompatibility between seismics and MT (Sections 
3.1 and 3.2) can be minimized by adding realistic uncertainties into the 
geophysical models, which provides ranges of temperature and water 
content that can produce the estimated electrical resistivities. Since 
uncertainties are not reported for the geophysical models that we used, 
we assume constant uncertainties of ±0.5 km/s (e.g., Lebedev et al., 
2009) and ±0.5 log S/m (e.g., Selway et al., 2019) for shear wave ve
locity and electrical resistivity, respectively (e.g., Ramirez et al., 2022). 
We add these uncertainties to every node in the meshes, producing 
average temperatures (Figs. 5a – 5c), water contents (Figs. 5d – 5f) and 
viscosities (Figs. 5g – 5i) across each profile. The assumed geophysical 
uncertainties translate into ~ ±2 log Pa⋅s uncertainty in the upper 
mantle viscosity (not shown here). 

Our calculations suggest lateral and radial variations in upper mantle 
viscosity across each 2-D viscosity profile attributed to lateral and radial 
variations in temperature and water content. Generally, the highly 
resistive regions in the upper 200 km beneath P1, P2 and P3 (blue re
gions, Figs. 2g to 2i) have high average effective viscosities of ~1022 −

1024 Pa⋅s (blue regions, Figs. 5g – 5i) as controlled by the water content 
and temperature estimates from seismic and MT models. If the bulk 
composition is pyrolite, these highly resistive regions are expected to be 
drier, hotter and more viscous than for a harzburgitic composition. 
Below 250 km depth, average effective viscosities vary within ~1020 −

1021 Pa⋅s, which agree well with the GIA-constrained viscosities. 
Interestingly, the coastal area or continental margin of P2 and P3 

(from A to B and C to D in Fig. 5), which do not belong to the cratonic 
domain in Fig. 2a, show lower viscosity (~1019 Pa⋅s) in the upper 250 
km than the cratonic interior (~1023 Pa⋅s; below P1), which is consistent 
with some GIA studies (e.g., Steffen et al., 2006; Whitehouse et al., 2006; 
Kaufmann and Wu, 2002a). In addition, a shallow, high-viscosity pocket 
is present below P2 and P3 as inferred from the MT model, which 

notably coincides with the observed high seismic velocity Lofoten- 
Norbotten anomaly from the regional seismic model of Mauerberger 
et al. (2022). This seismic anomaly suggests a heterogeneity in the 
lithosphere-asthenosphere boundary depth (Mauerberger et al., 2022), 
which translates into lateral variations in average viscosity (~1019 − 1025 

Pa⋅s) in the upper 250 km of northwestern Fennoscandia. Lateral vari
ations in the viscosity of the lithosphere can significantly affect GIA 
uplift rates, with the GIA response typically accelerated above weak 
regions (e.g., Weerdesteijn et al., 2022). Incorporating weakened and 
thin lithosphere into coastal areas may improve the uplift rate pre
dictions of Kierulf et al. (2014, 2021), where uplift observations in 
northern Fennoscandia are faster than predicted. 

4. Discussion 

4.1. Limitations and geophysical data 

Our calculations assume a melt-free upper mantle and limited, 
olivine-dominated compositions. The flow laws we have applied only 
consider an olivine composition (Hirth and Kohlstedt, 2003). Account
ing for other phases such as pyroxenes (e.g., Chen et al., 2006) may 
decrease the overall estimated viscosity due to phase mixing and 
pinning, which change the deformation mechanism and microstructure 
(e.g., Bercovici and Skemer, 2017; Hansen and Warren, 2015; Tasaka 
et al., 2020; Warren and Hirth, 2006; Zhao et al., 2019). Furthermore, 
we assume a constant stress and a limited range of grain sizes. Laterally- 
varying stresses would certainly affect our viscosity estimates, while 
choosing a single grain size would put tighter bounds on the viscosity 
structure. 

The resolution of our viscosity estimates is limited by the lateral and 
depth resolution of the seismic and MT models that we use. The global 

Fig. 5. The 2-D average temperatures (top panels), water contents (middle panels) and viscosities (bottom panels) for each line profile in northwestern 
Fennoscandia (in Fig. 2a), where all profiles here run from the northwest on the left to the southeast on the right. We infer these 2-D structures by using both seismic 
(Fig. 2d – 2f) and MT (Fig. 2g – 2i) 2-D models for harzburgite with constant geophysical uncertainties of ±0.05 km/s and ±0.5 log S/m, respectively. These un
certainties translate into temperature, water content and viscosity ranges per depth across each profile, with average values shown here. The small grey patches in the 
water content and viscosity models for Profile 1 indicate incompatibility between seismic and MT data that results in unconstrained water content, and thus also 
viscosity. Line profiles A-B and C-D show important results as discussed in Section 3.3. 
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seismic model of Schaeffer and Lebedev (2013) depends on the spacing 
of the crossing seismic rays in this region, while the 1-D electrical re
sistivity model represents an average of different resistivity models from 
mostly cratonic domains across Fennoscandia (details in Varentsov et al. 
(2002)). The global seismic model has a discontinuity at 210 km (e.g., 
Fig. 2b) due to the use of reference model AK135 (Kennett et al., 1995). 
This discontinuity is visible as an abrupt jump to higher velocities in the 
seismic models and corresponds to jumps to lower temperatures and 
higher viscosities at 210 km depth in our calculations. Since this 
discontinuity is likely to be a modeling artefact, the jumps in calculated 
parameters should not be relied upon. Using a localized 2-D resistivity 
profile (~10 km resolution) for northwestern Fennoscandia together 
with the global seismic model provides a more detailed viscosity struc
ture (Fig. 5), but the overall resolution of the resulting viscosity model is 
controlled by the lower resolution of the global seismic model. 

For the conversion from seismic velocities to temperature and 
composition, the global shear wave seismic model of Schaeffer and 
Lebedev (2013) uses vertically polarized velocities (vSV), while the ve
locity models calculated from HeFESTo are isotropic (vS). This discrep
ancy adds uncertainty into our temperature and viscosity estimates. If 
anisotropic textures cause vSV to be greater than vS, then the actual 
temperatures may be lower than we have inferred (Fig. 4; Section 3.2). 

4.2. Temperature estimates from seismic and MT versus xenoliths and 
heat flow 

We compare our geophysically-inferred temperatures, particularly 
for the upper 250 km, with other estimates from surface heat flow 
(Veikkolainen et al., 2017) and xenoliths (Kukkonen and Peltonen, 
1999) to assess our results (Figs. 3a and 3e). Steady-state, paleo
climatically corrected temperature estimates for 50 mW/m2 and 60 
mW/m2 surface heat flow (dotted and dashed grey lines, Figs. 3a and 
3e), generally imply hotter temperatures than our seismically-inferred 
estimates. Instead, the trend passes through the temperature estimates 
from mantle xenoliths, partly because these same xenoliths are used as 
constraints for mantle heat flow (Kukkonen and Peltonen, 1999). Since 
mantle xenoliths studied by Kukkonen and Peltonen (1999) are carried 
to the surface via kimberlite eruptions, we may expect a chemically and 
thermally modified lithosphere beneath Finland at the time of eruption 
(~530 Ma). The associated geotherm may have been hotter, and 
potentially plume-influenced (Torsvik et al., 2010), compared to a 
generic cratonic geotherm (e.g., Selway et al., 2014; Hasterok and 
Chapman, 2011) or cratonic Finland today. This suggests that the xe
noliths and their associated geotherm represent an upper temperature 
bound, and the present-day seismically-derived temperatures are 
consistent with this. In addition, the temperature estimates for harz
burgite and pyrolite compositions are closer to a generic cratonic geo
therm (e.g., Hasterok and Chapman, 2011) than for olivine (Fig. 3). 

4.3. Incompatibility between seismic and MT models 

Seismic and MT data seem to be incompatible between 90 km and 
170 km depth (Fig. 3). At these depths, electrical resistivities from the 
MT models are too low to be explained by the temperatures calculated 
from the seismic models, assuming the limited range of compositions we 
use for interpretation. The resolution of highly resistive uppermost 
mantle is often masked by more conductive overlying crust (e.g., Sel
way, 2018), so the modelled resistivities may be lower than the actual 
resistivities. These low modelled resistivities result in higher tempera
tures than we have inferred from seismic velocities, which may be un
usually fast either due to anisotropy as discussed above or due to large 
grain sizes that produce low attenuation. Thus, a decrease in tempera
ture estimates from MT (by increasing the modelled resistivities) or an 
increase in temperature estimates from seismic constraints would help 
in reducing the incompatibility between seismic and MT observations. 
Although xenoliths suggest relatively high lithospheric temperatures as 

discussed above, present-day lithosphere may be cooler than at the time 
of xenolith eruption as inferred from seismic data. This may mean that 
temperature estimates at those depths are probably not the main cause 
for the observed incompatibility between geophysical data. 

A likely cause for the discrepancy is that conductive phases that we 
do not include in our interpretations, such as phlogopite, amphibole or 
partial melt, may be present in the uppermost mantle (e.g., Özaydin 
et al., 2021; Selway, 2014). Mantle-xenolith samples with hydrous 
minerals (e.g., southwestern Kaapvaal Craton; e.g., Baptiste et al., 2012) 
and MT models (e.g., Selway, 2014; Özaydin et al., 2021) show that 
cratonic lithosphere often contains conductive minerals at these depths. 
Based on P-wave tomography, Bulut et al. (2022) suggest that Archean 
northern and northeastern Fennoscandia are compositionally modified, 
while the central part of Fennoscandia and the areas around Stockholm 
are not, possibly showing a more fertile composition (e.g., Beyer et al., 
2006). A modelled composition containing hydrous minerals, more 
pyroxene and less olivine (Özaydin et al., 2021) would reduce the in
compatibility between the geophysical observations. 

4.4. Geophysically-derived viscosity uncertainties 

In our calculations, we translate the range of geophysical observa
tions for a region into a range of calculated effective viscosities (Eq. 1) as 
described by 10logηeff±Δlogηeff where: 

logηeff =
logηeff,max + logηeff,min

2
(3.1)  

Δlogηeff =
logηeff,max − logηeff,min

2
(3.2)  

and ηeff,max and ηeff,min are the maximum and minimum effective vis
cosities. The associated viscosity uncertainties (10±Δlogηeff ) that we pre
sent here using our method can be attributed to uncertainties in the 
geophysical inputs (Section 4.4.1), that is, the ranges of shear wave 
velocity and electrical resistivity, which translate into ranges of tem
perature and water content (e.g., Fig. 6). Apart from temperature and 
water content, uncertainties in other viscosity model parameters (Sec
tion 4.4.2) such as ranges of grain size and stress, and the resulting 
dominant deformation mechanism also affect the overall viscosity and 
the associated uncertainty. 

4.4.1. Geophysical uncertainties 
The geophysical uncertainties are propagated into the viscosity un

certainty through the inferred temperature and water content ranges. 
Smaller (or negligible) geophysical uncertainties or ranges would result 
in smaller viscosity uncertainties. For instance, when considering ranges 
of electrical resistivity from the 2-D resistivity model for P2 in NW 
Fennoscandia (yellow patch, Fig. 6b), an increase in the ranges of water 
content (Fig. 6d), as well as in the ranges of viscosity (Fig. 6e), is evident 
compared to the cratonic domain (blue patch). Although the associated 
viscosity uncertainties for the cratonic domain are smaller than those for 
P2, this does not necessarily indicate that the viscosity model for the 
cratonic domain is more accurate and precise. Thus, care must be taken 
when interpreting the calculated viscosity uncertainty. 

Many of the uncertainties in these geophysical inputs are not well 
constrained because uncertainty estimation from geophysical inversion 
is a challenging task. Most seismic and MT models are not published 
with calculated uncertainties, and experimental uncertainties often only 
reflect some of the experimental unknowns (e.g., Gardés et al., 2014). 
Therefore, the uncertainties we present here are an estimate based on 
current data and model assumptions for conversion. We hope that as 
data improve over time the uncertainties that can be calculated with our 
method will become both better constrained and smaller. In particular, 
probabilistic Bayesian geophysical inversions that produce quantified 
uncertainties in seismic wavespeed and electrical resistivity in each 
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model cell (e.g., Manassero et al., 2021) will result in more accurate 
viscosity uncertainty estimation. 

4.4.2. Model uncertainties 
For the 1–10 mm grain sizes that we used in the viscosity calculation, 

diffusion and dislocation creep mechanisms co-exist (Fig. 7) producing 
larger viscosity uncertainty than for either diffusion creep or dislocation 
creep alone. Variations in water conditions also significantly affect the 
viscosity uncertainty. In particular, if the mantle at a given depth is 
inferred to be completely wet, its viscosity uncertainty is smaller than if 

it were dry or damp (e.g., the cratonic domain in Fig. 6d). This is 
attributed to the different values for laboratory-derived parameters (A,
E*, V*, r) for different deformation mechanisms at dry and wet condi
tions. Since any assumption about composition affects the viscosity es
timates through temperature and water content estimates, independent 
constraints on composition can improve viscosity models using our 
method. 

The model parameter uncertainties (e.g., composition, grain size, 
stress) are difficult to quantify and therefore translate into overall vis
cosity uncertainties of several orders of magnitude, and are large when 

Fig. 6. Mantle structure of the cratonic domain versus NW Fennoscandia, particularly below P2. Shear wave velocities (a) and electrical resistivities (b) are 
averaged for the cratonic domain and P2 (areas indicated in Fig. 2a). The shear wave velocities and resistivities for the cratonic domain (blue lines) are as shown in 
Figs. 2b and 2c. While, the velocity and resistivity depth sections for P2 represent the extracted ranges of minimum and maximum values for each depth from 2-D 
profiles in Figs. 2e and 2h, respectively. Combining both (a) and (b) results in temperature (c), water content (d) and viscosity (e) models. The constructed viscosities 
are calculated for 1–10 mm grain sizes and 1 MPa stress. The FM96 (Forte and Mitrovica, 1996) and SK05 (Steffen and Kaufmann, 2005) viscosity profiles are GIA- 
constrained. The vdW13 (van der Wal et al., 2013; pink lines) thermal profiles (UMT1 and UMT3, which are derived from surface heat flow and seismic tomography, 
respectively) in (c) result in associated viscosity models in (e) for dry conditions and different grain sizes. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 7. Constructed viscosity structures (a) and dominant deformation mechanisms (b) for the Fennoscandian craton assuming harzburgite and a set of 
different olivine grain sizes (1–10 mm). The viscosity structures (grey lines in a) for different grain sizes are calculated using the inferred average temperatures 
(from Fig. 3e), average water contents (from Fig. 3f) and 1 MPa stress. The GIA viscosities SK05 and FM96 are shown in (a) for comparison. 
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compared to some GIA-constrained uncertainties, like those in Fenno
scandia (e.g., Forte and Mitrovica, 1996; Milne et al., 2001; Steffen and 
Kaufmann, 2005) or upper mantle global averages (e.g., Lau et al., 
2016). The strength of the method we propose here is that it can be used 
in places like the interiors of Greenland and Antarctica, where there are 
no GIA constraints, where global average models are insufficient to 
capture laterally varying viscosities (e.g., Milne et al., 2018), and where 
GIA must be constrained in order to produce more accurate calculations 
of ice sheet mass loss. 

5. Geophysically-constrained viscosities versus GIA-constrained 
viscosities 

In our calculation, the GIA-constrained viscosities are either on the 
low end or high end of the range of geophysically-constrained viscos
ities, which may be attributed to the olivine-only flow laws and the 
vertically polarized shear wave seismic model utilized in the viscosity 
calculation. Given that geophysically-derived viscosity estimates have 
historically been produced mostly from seismic data alone, and often 
without considering the impact of composition (e.g., Goes et al., 2000; 
Heeszel et al., 2016; Lucas et al., 2020), here we discuss in detail the 
impact of MT and composition for estimating viscosity using geophysical 
constraints. 

5.1. Importance of MT constraints 

Overall, when constraining lateral and radial viscosities for Fenno
scandia, MT data are necessary to distinguish whether the upper mantle 
is wet or dry. MT data can also help to assess the plausible upper mantle 
composition (Section 5.2). We find here that MT constraints help to 
improve the geophysically-constrained viscosities such that they better 
agree with the GIA-constrained viscosities. 

The 3-D viscosities of van der Wal et al. (2013) for Fennoscandia 
(pink polygons, Fig. 6e) are constrained by temperatures inferred from 
either surface heat flow (UMT1 thermal model, pink dashed line Fig. 6c) 
or seismic tomography (UMT3 thermal model, pink solid line) data. The 
authors have assumed either dry (0 ppm H/Si) or wet (1000 ppm H/Si) 
conditions for 4 mm or 10 mm grain size. For comparison, we have 
presented here their viscosity models for a dry olivine lithosphere with 
hot geotherm and 4-mm grain sizes (pink dashed polygon, Fig. 6e), and 
dry olivine lithosphere with a cold geotherm and 10-mm grain sizes 
(pink solid polygon). Of these, the dry and hotter lithosphere encom
passes the GIA viscosities (black lines), while viscosities for the dry and 
colder lithosphere are much larger. If the actual temperature of the 
lithosphere is closer to UMT3, the lithosphere may require wet condi
tions to match the GIA viscosity constraints, which are consistent with 
our results (Fig. 6e). 

Below 250 km, the northwestern Fennoscandian upper mantle, for 
instance beneath P2, is identified to be less viscous than the cratonic 
domain (Fig. 6). This decreased viscosity is not because of temperature – 
higher seismic velocity beneath northwestern Fennoscandia (Fig. 6a) 
indicates that the upper mantle there is actually colder than beneath the 
craton (Fig. 6c). Instead, it is because of greater water content (Fig. 6d), 
which is constrained by the resistivity profile (Fig. 6b). This additional 
hydration for northwestern Fennoscandia decreases average upper 
mantle viscosities such that they coincide with SK05 model (1020 Pa⋅s). 
We note that this result would not be possible without MT constraints, 
because seismic wave velocity cannot constrain water content. 

5.2. Importance of composition 

As suggested by Ramirez et al. (2022), composition should also be 
considered when estimating viscosity because composition affects both 
the seismic velocity and electrical resistivity and controls the amount of 
water that the upper mantle can hold. As constrained by seismic and MT, 
a wetter and colder harzburgite has viscosities that overlap with those of 

less wet (or even ‘dry’, defined as <100 ppm H/Si) and hotter pyrolite 
(Fig. 3g). This overlap is due to the tradeoff between temperature and 
water content for both viscosity and conductivity. As was mentioned 
before, this implies that knowledge of the composition will increase 
certainty about the viscosity. 

The viscosity models of van der Wal et al. (2013) assume pure 
olivine, which translates to colder temperatures and higher viscosities 
than harzburgite (as seen in Fig. 3). Although the UMT3 geotherm co
incides well with our thermal models for harzburgite (Fig. 6c), caution 
must be taken when interpreting both results. The UMT3 model is hotter 
than our thermal model for olivine (Fig. 3a), which may be attributed to 
a relatively high background temperature (average continental and 
oceanic geotherms for the upper mantle) that is used by van der Wal 
et al. (2013). 

5.3. Inferred grain sizes and deformation mechanism 

Applying the inferred average temperatures (blue line, Fig. 3e) and 
water content (blue line, Fig. 3f) for harzburgite, we calculate the vis
cosity structures for different grain sizes (grey lines, Fig. 7a) and the 
associated dominant deformation mechanism (Fig. 7b). We find that 
GIA-inferred viscosities for Fennoscandian upper mantle (below 250 
km) would correspond to olivine grain sizes of 1–4 mm, and that the 
mantle would be deforming under diffusion creep. At the bottom of the 
lithosphere (between 150 and 250 km), that is interpreted via MT as wet 
(Fig. 3f), GIA-derived viscosities require <3 mm grain sizes. These small 
grain sizes may suggest that the inferred Fennoscandian lithosphere has 
high seismic attenuation, resulting in low seismic velocities (e.g., 
Ramirez et al., 2023). However, the significant amount of water within 
these depths may promote grain growth, particularly for those grains 
that deform via diffusion creep. Assuming that those inferred small grain 
sizes exist in the lithosphere, there must be other factors that suppress 
grain growth, i.e., pinning by other minerals, phase mixing, large 
ambient stresses, or low actual temperatures. 

Another plausible argument is that the GIA-derived viscosities for the 
upper 250 km may be too small, either due to the assumed elastic lith
osphere thickness or due to the insensitivity of the GIA data to shallow 
depths, particularly for melting of a broad ice sheet. The FM96 mantle 
viscosity model assumes an 80-km elastic lithosphere and uses joint 
inversion of long wavelength mantle convection and two geologically- 
and spatially-limited RSL datasets, which may result in a poorly resolved 
1-D viscosity model for the upper 250 km. On the other hand, the SK05 
mantle viscosity model assumes a 120-km lithosphere and utilizes good 
spatial RSL data, which yields lower viscosity estimates than FM96. The 
discrepancy between the two models is affected by the different elastic 
lithospheric thicknesses and the quality of RSL data. 

5.4. Inferred lithosphere-asthenosphere boundary and low-viscosity zone 

Petrologically, the lithosphere for cratonic Fennoscandia is inter
preted to be 160–250 km thick (e.g., Kukkonen and Peltonen, 1999; 
Lehtonen et al., 2004). This is thicker than indicated by most GIA models 
(e.g., Forte and Mitrovica, 1996; Steffen and Kaufmann, 2005; Root 
et al., 2015), but agrees with MT constraints (Fig. 2c), regional P-wave 
tomography (Bulut et al., 2022) and mantle heat flow models (Veikko
lainen et al., 2017). Because our viscosity models are based on such 
geophysical constraints, we infer a significant decrease in viscosity for 
the cratonic domain (by 1–2 orders of magnitude) at approximately 240 
km, which may represent the lithosphere-asthenosphere boundary 
(Fig. 6e). Below this thick lithosphere, a low-viscosity asthenosphere 
may exist at larger depths beneath the craton (e.g., Gung et al., 2003; 
Cathles et al., 2023). Our results suggest a cratonic asthenosphere that is 
~100 km thick with an average viscosity of about 2.5×1020 Pa⋅s 
(Fig. 6e). For comparison, Fjeldskaar (1994, 1997) proposed that the 
Fennoscandian asthenosphere must be <100 km thick with a viscosity <
7×1019 Pa⋅s, although an even thinner (75 km or less) and weaker 
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(~1019 Pa⋅s) asthenosphere would also be consistent with the trans
gression history of Fennoscandia (Fjeldskaar and Amantov, 2018). 
Although the thick lithosphere and low-viscosity asthenosphere sug
gested here are not evident in the GIA-constrained viscosity profiles, this 
could be due to the poor resolving power of GIA data for the shallow 
Earth. Our geophysically-constrained calculation shows that a potential 
low-viscosity asthenosphere is present below 250 km, with a minimum 
viscosity of ~1019.2 Pa⋅s for the cratonic domain and ~1018.1 Pa⋅s for 
northwestern Fennoscandia (Fig. 6e). The low-viscosity zone beneath 
northwestern Fennoscandia is less viscous than for the cratonic domain 
because of its extra water. Such variation in water contents stems from 
the different resistivity profiles between northwestern Fennoscandia and 
the cratonic domain (Fig. 6b), which are affected by the different tec
tonic units involved (i.e., Proterozoic and Archean lithospheres; Cher
evatova et al., 2015). 

Although the lithosphere for the cratonic domain (above 250 km) is 
wetter than the asthenosphere below it, the lithosphere is still more 
viscous than the asthenosphere due to its lower temperatures. Within the 
asthenosphere, the viscosity decreases in response to an increasing 
temperature. However, water content variations can produce significant 
viscosity variations, particularly if transitioning from wet to dry (or vice 
versa) conditions. This occurs in the cratonic domain between 330 km 
and 360 km depth (Fig. 6e), where possible dry conditions (Fig. 6d) 
induce high viscosities with deformation occurring under the DisGBS 
mechanism. 

This study infers a wetter lithosphere (~1000–2000 ppm H/Si, 
Fig. 6d) above 250 km and a less wet mantle (<1000 ppm H/Si, 
including the suggested asthenosphere) below 250 km for the cratonic 
domain (Fig. 6d) compared to what Hirth et al. (2000) suggested for the 
Superior Craton, which Hirth et al. (2000) proposed to be a dry Archean 
craton with underlying wet (>1000 ppm H/Si) mantle. This discrepancy 
can be attributed to differences in electrical conductivities beneath the 
different cratons, and different choices for thermal profiles and bulk 
compositions between the studies. Our seismically-determined thermal 
profiles are colder than those used by Hirth et al. (2000), who con
strained geotherms from xenoliths and surface heat flow data for the 

Superior Province. If the Fennoscandian lithosphere is indeed colder 
than that of the Superior Province, it must be wet in order to explain its 
higher conductivity. As for the asthenosphere, the less conductive and 
colder Fennoscandian asthenosphere is expected to have less water than 
the more conductive and hotter asthenosphere below the Superior 
Province. In both regions, the sensitivities of the MT models are likely to 
be decreasing at asthenospheric depths, and probabilistic MT models 
would quantify the possible ranges of asthenospheric resistivities more 
accurately. 

Our analysis of regional seismic data for the Norway-Sweden and 
Finland regions suggests that both regions have wet lower lithosphere 
(between 150 km depth and the deeper lithosphere-asthenosphere 
boundary) despite different thermal profiles, consistent with the over
all cratonic domain (Fig. 4). With the assumption that the 1-D MT data 
available for Fennoscandia reflect the mantle beneath both regions, we 
infer lateral and radial water heterogeneities across Fennoscandia, 
which are necessary to explain temperature variations determined using 
seismic constraints. Results suggest that water content increases from 
Norway-Sweden to Finland and generally decreases with depth (Fig. 8). 
Such heterogeneity imposes difficulties in fitting sea level and uplift rate 
data simultaneously (van der Wal et al., 2013). We interpret the pres
ence of low-viscosity asthenosphere across Fennoscandia from seismic 
and MT constraints. This asthenosphere is deeper than suggested by 
Fjeldskaar (1994, 1997) and has a varying thickness and depth (Fig. 8). 
In particular, a thin and shallow low-viscosity asthenospheric zone is 
present beneath Norway-Sweden and becomes thicker and deeper to
wards Finland. Interestingly, the low-viscosity layer present between 
200 and 240 km depth beneath Norway-Sweden (Fig. 4c) is 40 km 
deeper than the low-viscosity layer inferred for (mainly) Sweden- 
Finland from a viscosity inversion constrained by localized crustal up
lift data (from the BIFROST project; Fig. 6b in Steffen and Kaufmann, 
2005). We expect that such lateral and radial variations of the low- 
viscosity asthenosphere, if present, reflect complexities in predicting 
GIA responses to deglaciation in the vicinity of large lateral variations in 
viscosity (e.g., Weerdesteijn et al., 2022). 

Fig. 8. A schematic diagram of the lithosphere and sub-lithospheric mantle structures beneath Fennoscandia in terms of their water content, temperature, 
and viscosity, as inferred from regional seismic and MT data jointly analyzed across Fennoscandia. Incompatibility between seismic and MT constraints complicate 
interpretations shallower than 150 km depth (see text). Looking deeper, we infer a lithosphere-asthenosphere boundary that deepens moving eastward from Norway- 
Sweden (left) to Finland (right), and lithospheric thicknesses that vary from 200 to 250 km (thicker than inferred from most GIA models). The lower lithosphere 
becomes wetter and colder moving eastward, which suggests a lateral variation in lithospheric viscosity. The underlying low-viscosity asthenosphere also deepens 
and thickens moving eastward, following variations in temperature and water content. The seismic and MT data also suggest decreasing water content with depth, 
implying larger viscosities beneath the asthenosphere. The seismic and MT constraints thus image the viscosity structure beneath Fennoscandia, which varies both 
laterally and with depth. 
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6. Conclusions 

Seismic anomalies may be attributed to thermal variations that 
translate into viscosity variations. However, compositional heteroge
neities may also contribute to the observed seismic velocity variations. 
By integrating MT constraints into our analysis and assuming pure 
olivine, harzburgite and pyrolite compositions, we conclude that (i) our 
geophysically-constrained viscosities are better resolved because of 
better constraints on water content, and (ii) Fennoscandian upper 
mantle below 250 km is likely to be a wet harzburgite with lateral and 
radial viscosity magnitudes ranging within 1019.2 − 1023.5 Pa⋅s when 
assuming 1–10 mm grain sizes and 1 MPa stress. A hotter and dry py
rolytic upper mantle may alternatively exist with slightly higher vis
cosities compared to a colder and wet harzburgite. This highlights that 
potential compositional variations introduce a tradeoff between water 
content and temperature when estimating viscosities. Xenolith data, 
which can improve composition constraints, can thus improve 
geophysically-constrained viscosity estimates, particularly in the litho
spheric mantle where a fertile composition with conductive phases may 
be present (Özaydin et al., 2021; Selway, 2014). A pure olivine 
assumption results in significantly higher viscosity estimates that do not 
agree with the GIA-derived viscosities. 

Lateral and radial variations in viscosity are likely across Fenno
scandia due to heterogeneities in temperature and water content 
(Fig. 8), and potentially also composition. To constrain such viscosity 
variations, including along northern and western coastal areas of Fen
noscandia where viscosities may be low, regional MT and seismic to
mography models with good upper mantle resolution are required. Such 
high-resolution data can provide additional constraints on a potential 
low-viscosity zone, which may be present below 250 km depth across 
Fennoscandia. 

The viscosities constrained from seismic and MT observations using 
the method of Ramirez et al. (2022) broadly agree with the viscosities 
for Fennoscandia, as constrained from GIA. This suggests that this 
method can be applied in regions where GIA-constrained upper mantle 
viscosities are not available, as is the case for most regions of the world, 
including polar regions where improved GIA models would lead to more 
accurate estimates of present-day ice mass loss. Furthermore, the 
method can detect lateral variations in mantle viscosity because seismic 
and MT data are sensitive to lateral variations in mantle parameters 
(water and temperature) that relate to viscosity. Incorporating lateral 
viscosity variations into GIA modeling is of great importance because 
such variations may greatly affect GIA uplift rate predictions. In 
particular, low-viscosity regions of the sub-lithospheric mantle may 
facilitate rapid GIA uplift (e.g., Weerdesteijn et al., 2022). Here we 
identify the northwestern coast of Fennoscandia as one such low- 
viscosity region. With the assumption that the 1-D MT model for Fen
noscandia also reflects the subsurface of Norway-Sweden, we identify 
the presence of thin and shallow low-viscosity asthenosphere that be
comes thicker and deeper towards Finland (Fig. 8). Thus, data from 
regional magnetotelluric surveys, when combined with regional seismic 
data, can help to accurately identify such low-viscosity regions. 
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